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Abstract
Weight-bearing exercise has been shown to be beneficial for peak bone mass (PBM) 
development, but whether the skeletal benefits achieved with exercise are maintained 
if training remains intensive throughout the pubertal years remains undefined. The 
aim of this research was to investigate the long-term effects of high-impact exercise 
and the interaction with nutritional factors on PBM development and somatic growth 
in young females. Longitudinal effects of training on bone metabolism as well as 
familial influence on growth and development were also examined.
At baseline, 45 artistic gymnasts (G) and 52 normally-active controls (C) aged 8-17 
years were recruited and followed-up for three years. Anthropometry, diet (repeated 
estimated dietary records) and physical activity were assessed. Quantitative 
ultrasound (QUS) measurements were taken. Dual energy x-ray absorptiometry 
(DXA) scans of total body (TB) and lumbar spine (LS) bone mineral content (BMC) 
and density (BMD) were taken annually for two years. Blood and urine samples were 
collected for analysis of bone formation (bone specific alkaline phosphatase, BALP; 
amino-terminal propeptide of type I procollagen, PINP) and resorption markers 
(pyridinoline, PYD; deoxypyridinoline, DPD; collagen type I cross-linked C- 
telopeptide, CTX). To assess heredity influences, 27 G-mothers and 26 C-mothers 
volunteered for cross-sectional measurements of anthropometry, QUS, BMC/BMD. 
Compared to the controls, the gymnasts were smaller and lighter (as were their 
mothers), but had similar growth rates across puberty. Their maturation process 
occurred later and this was at least partly due to a familial influence. Dietary intakes 
of energy, macro and micronutrients were found to be sufficient in gymnasts, but 
only after adjustment for body weight. The gymnasts had significantly higher QUS, 
axial and appendicular BMC and BMD, with >170 grams more bone mineral in TB 
across puberty. The main determinants of bone mass were height, weight, 
maturation, exercise and dietary energy and protein intake. In gymnasts, the 
biochemical markers of bone turnover which were assessed indicated lower bone 
resorption in early puberty and higher bone formation in late puberty.
These results provide evidence for sustained skeletal benefits from impact-loading 
exercise throughout the pubertal years, which are unlikely to result entirely from 
hereditary influences. If the effects are maintained through adulthood into old age, 
impact-loading exercise during childhood and adolescence may have a valuable role 
in preventing osteoporotic fractures in later life.
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Chapter I
Introduction & Literature
review
1 Introduction
Osteoporosis is a systemic skeletal disease characterised by low bone mass and 
micro-architectural deterioration of bone tissue, leading to enhanced bone fragility 
and a consequent increase in risk o f fracture (World Health Organisation 1994, Royal 
College o f Physicians 2000). Fragility fractures increase in rate with advancing age 
and females after the menopause are most at risk. The total annual cost to the health 
care system in the UK has been estimated at £1.7 billion (Scott Russell et al. 2003). 
As the number o f elderly people in the population is increasing, the social and 
personal burdens of pain and disability related to osteoporotic fractures are extensive.
Peak bone mass (PBM) is an important determinant of osteoporosis fracture risk and 
achievement of a high PBM in adolescence is considered an effective approach to the 
prevention of osteoporosis (Heaney et al. 2000). The majority (90-95%) of bone 
mass is attained by the end of the second decade, with only a 5-10% increase in bone 
mass being possible after maximum height has been achieved (Recker et al. 1992). 
Approximately 70-75% of bone mass is believed to be determined by genetic 
influences (Pocock et al. 1987). Bone mineral mass follows a trajectory during 
growth corresponding to a given percentile from the mean, but the trajectory can be 
influenced by environmental factors. It has been suggested that nutritional factors 
(including calcium and protein intakes) and physical activity have a positive 
influence, whereas certain diseases (including asthma) and/or their treatment have a 
negative influence (Department of Health 1998). Lifestyle trends such as sedentary 
activities and the high energy/low nutrient density diet of many children in the UK 
today are likely to lead to the risk of under-achieving optimal PBM and hence an 
increased risk of developing osteoporosis in later life.
The beneficial effect of physical activity on PBM has been demonstrated previously 
(Morris et al. 1997) and exercise with high strain rates and peak forces in versatile 
movements has been shown to create an effective osteogenic stimulus in adults 
(Heinonen 1997). The timing of exercise is important, as the benefits for bone mass 
in females seem to be greatest when exercise is started before menarche, prior to the 
completion of longitudinal growth (Kannus et al. 1995). However, the timing, type, 
intensity, frequency and duration of exercise that best enhance bone mass
accumulation and maintain high bone mass throughout life still remain undefined. 
Weight-bearing exercise, such as artistic gymnastics, has been shown to be beneficial 
for bone development, and may thus contribute to the prevention of osteoporosis 
(Bass et al. 1998). Vigorous training regimens during puberty, especially in sports 
valuing aesthetic appearance, may however be associated with restricted eating 
habits, primary amenorrhea and consequently low PBM. ‘The female athlete triad’ 
describes this phenomenon where a combination of anorexia and amenorrhea can 
result in low bone mass and fractures at a young age (American College of Sports 
Medicine 1997). It has also been suggested that gymnastics may have a negative 
influence on other aspects of development, resulting in stunting of growth and/or 
delayed pubertal maturation (Theintz 1994). There is however controversy in the 
literature partly due to lack of long-term studies.
Artistic gymnasts are a useful subject group for investigating the effects o f regular, 
high impact-loading exercise on skeletal development. The research methods used in 
such studies have however mainly been restricted to bone mass analysis by DXA, 
with little information on the quality aspects of bone or biological processes 
involved. Bone metabolism, which has not been widely studied in children 
(especially those who are physically active), may bring some insight into the 
differences in bone mass between physically active and sedentary children. Since 
genetics is considered the major determinant of PBM, it has been suggested that 
athletes with higher bone mass may be genetically disposed to having high BMD. 
Their bones may also respond more positively to exercise than those o f non-athletes 
(Khan et al. 2000). Research has shown consistent parent-offspring correlations 
between BMD and a family history of osteoporosis (Danielson et al. 1999). There is 
however a lack of data with reports often disregarding the familial influence on 
skeletal health in the young athlete population.
The overall aim of this research was to investigate the effects of high-impact exercise 
and the interaction with nutritional factors on PBM development and somatic growth 
in young females. Longitudinal effects of training on bone metabolism as well as 
familial influence on growth and development were also examined.
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1.1 Bone biology
Bone consists of an organic component (20-25% by weight), an inorganic component 
(70% by weight) and a water component (5% by weight). The organic component 
mainly consists of type I collagen (90%), as well as bone cells and other non- 
collagenous proteins (such as osteocalcin, osteonectin, glycoproteins and 
proteoglycans). The three types of bone cells include osteoblasts, osteocytes and 
osteoclasts. Osteoblasts lay down bone and osteocytes maintain both the mineral and 
matrix of bone. Osteoclasts resorb the bone and they are able to degrade the fully 
mineralised bone by secreting acids and lysosomal enzymes. The organic component 
gives bone its form and contributes to its elasticity. The inorganic component of bone 
consists of calcium, phosphate and carbonate (10:6:1) arranged as crystals mainly in 
the form of hydroxyapatite [Caio(P04)6(OH)2]. The major salts in bone are calcium 
phosphate, magnesium phosphate and calcium carbonate. The primary purpose of the 
inorganic bone is to resist compression of bone (Vaughan 1981, Kahle et al. 1992, 
Stevenson and Lindsay 1998, Khan et al. 2001).
Cor = cortical bone
Can = cancellous i.e. trabecular bone
(From: Stevenson & Lindsay 1998)
Figure 1.1 Bone tissue
There are two different types of bone tissue, cortical and trabecular (Figure 1.1). 
These are formed by the same cells and matrix elements, but have differences in their 
structure and function. About three quarters of the adult skeleton is accounted for by 
hard, compact cortical bone. Cortical bone forms the outer surfaces of most bones as 
well as the shafts of the long bones, which surround bone marrow cavities. The 
spongy, trabecular bone, consists of a web of thin calcified trabeculae. It is found in
the vertebrae, the majority o f the flat bones and the ends of the long bones. The 
spaces between the trabeculae are filled with haematopoietic bone marrow. This 
produces blood cells, precursors of bone cells and also contains modulators of cell 
proliferation, differentiation and longevity.
In cortical bone, 80-90% of the volume is calcified compared with only 15-20% in 
trabecular bone, where the remainder is occupied by blood vessels, connective tissue 
and bone marrow. The mass per unit o f volume of cortical bone (1.8 to 2.0 g/cm^) is 
significantly greater than that of the trabecular bone (1.0 to 1.4 g/cm^) (Lee et al. 
2000), although the density of the calcified matrix in trabecular bone is similar to that 
of compact bone (Martin et al. 1998). The main function of the trabecular bone is 
metabolic, whereas the cortical bone is for structure and protection.
1.1.1 Bone turnover
Bone is dynamic tissue, which is constantly being turned over throughout life to 
maintain skeletal integrity and calcium homeostasis. The two processes o f bone 
turnover are modeling and remodeling. Modeling is most active during growth in 
childhood and adolescence. New bone is laid down without the preceding resorption, 
hence resulting in changes in bone size and shape. The primary purpose of bone 
modeling is to adjust skeletal architecture and bone mass to mechanical loading 
(Price et al. 1994). Modeling can increase bone mass and strength, but it seldom 
reduces them, whereas remodeling can maintain or decrease mass and strength, but 
does not increase them (Frost 1997). Bone remodeling is the bone replacement 
mechanism of the skeleton and mediates the effect of all agents that act on it such as 
hormonal, nutritional and mechanical factors. It is carried out by temporary anatomic 
structures called basic multicellular units (BMU), which occupy 4-10% of most 
bones. Remodeling primarily affects the bones o f the adult and it is the process by 
which fatigue-damaged bone is replaced by new bone (Barr and McKay 1998). It 
occurs at scattered locations on bone surfaces and involves bone in a biologically 
coupled activation -  resorption -  reversal -  formation -  quiescence cycle (Figure 
1.2).
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Figure 1.2. Bone remodeling cycle
Quiescence: resting stage. Activation: the activation o f  bone resorption. Resorption: osteoclasts 
create resorption cavity. Reversal: mononuclear cells smooth o ff the resorption cavity and the 
differentiation o f osteoblasts within erosion cavities. Formation: osteoblastic (osteoid) matrix 
formation, (adapted from Haapasalo 1998)
During the remodeling process osteoclasts secrete proteolytie enzymes and acids 
such as citric and lactic acid. The enzymes dissolve the organic matrix and the acids 
cause solution of the bone salts. Osteoclasts then disappear and osteoblasts begin to 
develop new bone by synthesizing an osteoid matrix. The uncalcified osteoid matrix 
undergoes mineralization several days later. Bone deposition continues for several 
months whereas resorption only takes some weeks. In growing children, the 
remodeling period lasts for several weeks, whereas in young adults the duration is 
approximately three months and in older adults 6-18 months (Heaney 2001).
Since remodeling is predominantly a surface based phenomenon, the metabolic 
activity of trabecular bone is 10-times greater than that at cortical sites. Normally, in 
adult bone the rates of bone resorption and absorption are equal, so that the total 
mass of bone remains constant (Kanis 1994, Haapasalo 1998, Stevenson and Lindsay 
1998).
1.2 Biomechanics of bone
The concept of stress and strain is fundamental to bone biomechanics. Stress is 
defined as force per unit area, comprising of compressive, tensile or shear stress, 
depending on how loads are applied. Strain is defined as percentage change in length.
Stress = Force fFf 
Area (A)
Strain = elongated length - original length fAL) 
original length (L)
Stress and strain can be correlated to load and deformation. The relationship between 
load applied to a structure and deformation in response to the load is illustrated by a 
load-deformation curve (Figure 1.3). Typically, load and deformation are linearly 
proportional until the yield point. Prior to the yield point, the deformation is elastic, 
with the structure returning to its original shape as the load is removed. At the yield 
point, permanent or plastic deformation results despite the removal of the load. If the 
load continues to increase, an ultimate load is reached. This is usually the point of 
failure when bone fracture occurs (Turner and Burr 1993).
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Figure 1.3 Load-deformation curve (stress-strain curve) of a bone 
(adapted from Turner and Burr 1993)
Measures of bone strength can be expressed as yield strength and ultimate / breaking 
strength within the load-deformation curve. The yield strength is the load at the yield 
point at which permanent damage is initiated. The maximum load the bone can 
sustain is called the ultimate strength, and the load when bone actually breaks is the
breaking strength (these usually have the same value in bone). The stiffness of the 
structure is proportional to the load required to deform it a given amount, and it can 
be measured as the slope of the load-deformation curve.
Strength and stiffness, which are important mechanical properties of bone, depend 
both on the material properties of the bone tissue (resistance to stress and strain) but 
also on structural characteristics o f bone (size, geometry, mass distribution and 
internal architecture). Whilst the majority of the strength and stiffness is determined 
by the inorganic matrix (i.e. mineral content), the elasticity of bones is determined by 
the organic component (i.e. collagen), allowing the temporary deformation of the 
bone under the applied loads and forces. Without elasticity, bone would be very 
brittle and fracture without deformation (Turner and Burr 1993, Adrian and Cooper
1995).
The major types of bone loading are compression, tension, bending and shear (or 
torsion). The largest mechanical loads usually come from muscle contractions 
working against the dual resistance of body weight (Frost 1992). Bones are strongest 
in compression, next strongest in tension and least strong in shear. A bone with large 
mass, density and cross-seetional area is resistant to compression because the load is 
distributed over a large surface area. To resist bending or torsional forces, the 
dimensions of the bone are more important than its mass or density (Adrian and 
Cooper 1995).
1.2.1 Bone adaptation to mechanical stimulus
The skeleton is constantly subjected to forces generated by muscle contraction and 
by direct impact on the ground (gravity). These forces lead to alterations in bone 
shape and partly determine bone strength, with modulating influences including 
hormonal and dietary as well as other factors. The theory of bone adaptation to 
loading was first described in 1892 by a German scientist Julius Wolff, who stated 
that bone accommodates the forces applied to it by altering its amount and 
distribution of mass (W olffs Law) (Wolff 1892). More recently, this concept has
been expanded to the general “mechanostat theory” to explain the adaptations of 
bone architecture and mass to its typical mechanical environment (Frost 1992). The 
theory maintains that bone adapts through different biological processes within strain 
ranges for bone modeling drift and remodeling. Minimum effective strain (MES) is 
necessary for bone maintenance (Figure 1.4). In the trivial loading zone (<50-200 ps 
(=microstrain)) there is no mechanical stimulus to bone and remodeling occurs (such 
as during bed rest or space flight) resulting in net loss of bone. If the customary 
mechanical strain remains between 200-2500 ps (physiological loading zone) bone 
structure is maintained. If loading induced local strain exceeds the MBS (around 
2500 ps) bone enters the state of overuse resulting in adaptation response and the 
inducement of modeling and consequently increased bone strength. Bone has a 
microdamage threshold of around 4000 ps, and larger strains can cause excessive 
damage that cannot be repaired. Accumulated strain eventually causes stress 
fractures and a strain of around 25000 ps causes normal bone to fracture (Adrian and 
Cooper 1995, Frost 1997, Stevenson and Lindsay 1998).
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Figure 1.4 The mechanostat theory relating strain to bone mass 
(adapted from Bailey et al. 1996). MES, minimum effective strain
Turner (1998) stated three fundamental rules for bone adaptation. Firstly, adaptation 
is driven by dynamic rather than static loading. Secondly, only a short duration of 
mechanical loading is necessary to initiate an adaptive response. Thirdly, bone cells 
accommodate to a customary mechanical loading environment, making them less 
responsive to routine loading signals (Turner 1998). Ordinary loads within bone 
stimulate the cellular activities that regulate bone configuration and density. If the 
loading for a certain bone remains constant over time, the bone will maintain an 
equilibrium state. If loading increases or decreases, bone is gained or lost until a new 
equilibrium state is reached. The exact cellular mechanisms by which mechanical 
loading increases bone mass are still largely unknown. A process called 
mechanotransduction has been proposed. It suggests that mechanical loads increase 
fluid load in bone tissue, and this integrates cellular responses by affecting cells 
directly (Khan et al. 2001).
It has been shown that in women, exercise intervention producing strain with high 
rates and peak forces in diverse movements i.e. a high magnitude of loading, is a 
better osteogenic stimulus than training with a high number o f cycles or repetitions 
(Heinonen 1997). Athletes such as gymnasts and weight lifters have big, strong 
muscles that exert heavy loads on bones. At the beginning of exercise, the increasing 
muscle forces should optimally exceed the modeling threshold, which would increase 
bone mass and strength through modeling. When muscle strength plateaus, bone 
mass and strength also tend to plateau. Endurance athletes such as runners are 
normally leaner and have smaller, weaker muscles than for example gymnasts. 
Runners need less bone mass and strength than gymnasts to keep strains within or 
below the modeling threshold (Frost 1997). Physical loading is therefore an 
important determinant of bone mass, architecture and structural strength. During 
growth but especially at and before puberty, the ability of bone to adapt to 
mechanical loading is believed to be much greater than after maturity.
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1.3 Growth and maturation
Growth refers to the increase in size of the body, both as a whole and of its parts. 
This includes for example growth in stature (longitudinal growth), weight, lean and 
fat mass, and increase in organ size. Growth is not proportionate, as body parts grow 
at different rates and times. For example, during puberty the peak velocity for limb 
length precedes the peak for the trunk by around one year (Baxter-Jones et al. 2002). 
Body mass, which can be differentiated as lean (fat free) and fat components, begins 
its growth spurt slightly after the growth spurt in height. The growth pattern of lean 
mass is similar to that of body mass, whereas fat mass increases gradually throughout 
childhood and adolescence without a clear spurt. Around 50% of adult body weight 
is gained during adolescence. In girls, peak weight gain (8.3 kg/year) occurs 
approximately 0.5 years after peak height velocity (PHV) (Tanner 1989, Malina 
1994b, Baxter-Jones et al. 2002, Baxter-Jones et al. 2003b).
Maturation describes the progress towards the biologically mature state. The 
maturing process has two components, timing and tempo. The former refers to the 
time when certain events occur, such as menarche, start o f breast or pubic hair 
development, and maximum growth velocity (PHV). The latter refers to the rate at 
which maturation progresses i.e. at what rate an individual passes from the first 
stages of sexual maturation to the mature state. Although there is a large variation in 
both timing and tempo of maturation, as well as various aspects of growth, 
measurement o f growth can be used as an index of general health and nutritional 
adequacy in a population of children (Malina 1994b, Rogol et al. 2000, Baxter-Jones 
et al. 2002).
1.3.1 Longitudinal growth
Longitudinal bone growth consists of the enlargement of the skeleton, which is 
genetically determined, hormonally mediated and completed when linear growth 
ceases in late adolescence. Longitudinal growth constitutes two major processes (in 
addition to modeling and remodeling): endochondral and intramembraneous
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ossification. The former produces mainly trabecular bone and results in the long 
bones developing in length, and the latter mainly produces cortical bone and 
increases bone width.
Endochondral ossification (osteogenesis cartilaginea) takes place within a layer of 
hyaline cartilage, which is called the epiphyseal growth plate and is located between 
the epiphysis and metaphysis of the long bones. The growth plate is formed after 
birth, when the epiphysis is developed as a bone nucleus. During the carefully 
balanced growth process, cartilage in the growth plate adjacent to the bone shaft 
matures, the tissue calcifies and is then resorbed and replaced by bone. Concurrently, 
new chondrocytes proliferate in the growth plate adjacent to the end of the long 
bones. The process results in growth in bone length and overall statural height. At 
puberty, the growth plates become fully calcified / fused and longitudinal growth 
stops (Kahle et al. 1992, Prentice 2001).
In intramembraneous ossification (osteogenesis membranacea), where long bones 
develop in width, bone formation occurs on the periosteal (outer) and endosteal 
(inner) surface of the bone shaft. Osteoblasts lay down osteoid matrix within the 
connective tissue, which is then mineralised. Unlike the endochondral ossification, 
periosteal bone formation continues throughout life enlarging the width of the bone 
(bone envelope). The shafts of long bones do not however increase in width greatly, 
as this would increase skeletal mass excessively. This is because there is resorption 
of bone on the endosteal surface, leading to an increase in the size of the marrow 
cavity with age (Kahle et al. 1992, Price et al. 1994, Prentice 2001).
Body size at birth is determined mainly by maternal nutrition, intrauterine 
environment, and placental factors as well as genetic potential (Rogol et al. 2000). 
Growth velocity rapidly decelerates from birth to two years of age (around 9 
cm/year) and from two to five years of age (around 7 cm/year). Growth then 
continues at around 5-8 cm/year until the onset of puberty. In girls, the adolescent 
growth spurt occurs at mid-puberty, and it is preceded by a slowing in statural 
growth. The average peak height velocity is 9 cm/year at age 12 years; more 
accurately 8.9 cm/year at 11.8 years according to a recent longitudinal research on
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skeletal development (McKay et al. 1998). Total gain in height during the pubertal 
growth period is around 25 cm (Tanner 1989, Rogol et al. 2000, Baxter-Jones et al.
2002). Since final height varies between individuals, but each child goes through the 
growth spurt (i.e. acceleration and deceleration of growth), the rate of growth reflects 
the child’s state of development better than the actual height attained (Baxter-Jones 
et al. 2002).
Determinants o f  growth
Skeletal growth rate and limb bone length have a strong genetic determinant, but 
they are also influenced by many factors including cellular function, circulating 
hormones, nutritional intake, mechanical influences and disease. The growth spurt 
requires favourable internal and external conditions. Full genetic height (i.e. maximal 
adult height for gene combination) is obtained only if  favourable conditions are 
maintained throughout the period of growth, such as adequate intakes o f energy and 
nutrients (Mansfield and Emans 1993).
Bones must also be able to respond to the hormones critical for gro^vth. During 
childhood the main endocrine regulators are growth hormone (GH) and insulin-like 
growth factor-I (IGF-I), which induce linear growth in the growth plates without 
promoting maturation (Prentice 2001). The amount of GH secreted increases, 
reaching its highest level around the time of peak adolescent growth spurt. GH is 
secreted intermittently, which is essential for growth. During puberty, the increasing 
effect of sex hormones (oestrogen in girls, testosterone in boys) promotes 
proliferation with maturation. When skeletal maturation nears completion, epiphyses 
fuse and growth in height becomes limited regardless of hormone signals. Thyroid 
hormones are also involved in the normal proliferation of cells and maturation o f the 
growth plate. In addition, the hormones involved in calcium homeostasis regulate the 
inflow and efflux of calcium and phosphate from bone, for example vitamin D has a 
role in the maturation process of epiphyseal chodrocytes (Tanner 1989, Nilsson et al. 
1994, Price et al. 1994, Prentice 2001).
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Assessment o f  growth using growth charts
Height and weight are most commonly used to monitor growth. Growth charts can be 
used to assess growth status of children against reference percentiles at a certain 
chronological age or across several ages. These data have been derived from large, 
representative cross-sectional samples of children from infancy to young adulthood. 
In the charts for height, 50* percentile represents the average size for a given 
chronological age. The 3"^  ^and 97* percentiles correspond to ±2 standard deviations 
(or to the 5% probability level in a significance test) (Figure 3.10) (Tanner 1989, 
Freeman et al. 1995, Rogol et al. 2000).
1.3.2 Sexual maturation
During puberty, the sexual maturation process begins and the reproductive organs 
become functional. This is most clearly manifested in females by the appearance of 
secondary sexual characteristics (e.g. growth of breasts and pubic hair) and by the 
start of menstruation. These changes are induced by an increase in oestradiol, the sex 
hormone activity due to stimulation of the ovaries by pituitary hormones (follicle- 
stimulating hormone; FSH and luteinizing hormone; LH) (Tanner 1989, Martin
1996).
The stages of puberty are based on the description of Tanner using standard ratings 
with a scale of 1 to 5. In females, it assesses the stages of breast development and 
pubic hair distribution. Stage 1 is classed as pre-pubertal; 2-4 indicate a child going 
through puberty (peri-pubertal) and number 5 indicates an individual who is past the 
stages of puberty (post-pubertal). In healthy, young females pubertal and growth 
development normally follow an order where puberty is complete within three years. 
The growth spurt and accelerated natural bone accumulation begin at the onset of 
stage 2, reach a peak at stages 3 and 4, and end at stage 5. Menarche usually occurs 
during stage 4, relatively late in puberty. The median age at menarche recently 
reported for normal healthy girls in the UK was 12.9 years (Whincup et al. 2001). 
The longitudinal growth and natural bone accumulation rates decrease greatly soon 
after menarche, hence increases are only minimal in stage 5 (Kannus et al. 1995).
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1.4 Peak bone mass
Peak bone mass (PBM) is defined as the highest level of bone mass achieved as a 
result o f normal growth. Maximizing bone mass during skeletal growth is considered 
the target for the primary prevention of osteoporosis. Genetic factors, gender and 
race seem to account for about 75% of the variation in bone mass (Sowers 1998). 
Despite the large heritable influence, there is still a large component (around 25%) of 
PBM variation that is determined by modifiable factors. These include nutrition 
(such as calcium and protein intake) mechanical forces (physical activity, body 
weight), endocrine factors (sex steroids, calcitriol (i.e. vitamin D), IGF-I) and 
exposure to risk factors (such as smoking) (Figure 1.5) (Rizzoli and Bonjour 1999, 
Heaney et al. 2000). The factors considered most influential i.e. genetics, nutrition 
and physical activity, will be reviewed in the following chapters.
Genetic factors, gender, race
♦
Nutrition
Endocrine function
PEAK BONE MASS Mechanical forces
1
Risk factors
Figure 1.5 Determinants of peak bone mass
As well as height and weight, bone mass seem to follow a track throughout life. 
Therefore, it is likely for an individual who is at the bottom of the bone mass 
distribution during childhood to remain at that position 50-60 years later (Matkovic 
et al. 2001). However, it is still unclear to what degree the modifiable, environmental 
influences can influence the tracking characteristics at particular skeletal regions 
(Ferrari et al. 1998b).
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The majority (90-95%) of the adult bone mass is attained by the end of longitudinal 
growth (around 18 years of age) but an additional 5-10% of bone mass can be 
accrued after maximum height has been achieved, during the third decade of life. The 
age at which PBM is reached varies with skeletal region. There are substantial 
differences in the rate and duration of bone mineral accumulation in the axial vs. 
appendicular skeleton, cortical vs. trabecular bone, and proximal vs. distal limb 
segments. For example, BMD peaks prior to age 20 years at the proximal femoral 
sites, whereas TB BMC peaks 6-10 years later at around 26-30 years of age (Heaney 
et al. 2000). The additional gain in bone mass during young adulthood is likely to be 
dependent on lifestyle factors such as physical activity, smoking, alcohol 
consumption and diet (Recker et al. 1992, Matkovic et al. 1994), and their impact or 
interaction could vary according to the skeletal site (Rizzoli and Bonjour 1999). Peak 
bone mineralization rates lag behind peak growth velocity by around one year, and 
about 26% of final adult bone is accumulated during the two years surrounding peak 
bone velocity (in girls ages 11.5-13.5 years) (Bailey et al. 1999). Bone size increases 
before there is a corresponding increase in bone mass resulting in a transient decrease 
in structural bone density (Heaney et al. 2000). To achieve full genetic potential for 
PBM requires building up a skeleton of a size and mass that have not been restricted 
by an insufficient supply of nutrients and/or sub-optimal mechanical loading.
Hormones that have been proven to influence bone include GH, IGF-I and sex 
steroids, which are all known to increase during early puberty. In normal girls, GH 
peaks at pubertal (Tanner) stages 2-3, at around 10.6-12.6 years of age, and decreases 
immediately after menarche. IGF-I, which increases trabecular bone formation, also 
rises during puberty. Oestrogen increases gradually at around 10 years of age and 
dramatically from 12.5-13.0 years of age at pubertal stages 3-4. Also, all markers of 
bone turnover are at their highest during this time (Tanner 1989, MacKelvie et al. 
2002).
Physiological functions that influence and allow for optimal bone mass accumulation 
during growth include the calcium-phosphate metabolism. This consists of IGF-I 
stimulating an increase in plasma calcitriol (conversion of 25-hydroxyvitamin D
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[25(OH)D] to 1,25-dihydroxyvitamin D [l,25(OH)D2]) and stimulation of the renal 
reabsorption o f inorganic phosphate. IGF-I, which is produced by the liver, also has a 
direct action on bone growth. By dual renal action IGF-I favours positive calcium 
and phosphate balance as required by the increased bone mineral accrual (Bonjour et 
al. 2003).
1.4.1 Genetic determinants of bone mass
Genetic factors contribute to bone mass variation by influencing both PBM 
acquisition and bone loss in later life. Studies suggest that this may range from 40- 
90% depending on skeletal site and study population. It is believed that several genes 
(polygenic effect), each with small effects may be responsible for the variation in 
BMD, rather than a single or small number of genes (monogenic effect) with a large 
effect (Sowers 1998).
During growth
The inheritance of PBM is mediated through genes that influence bone mass 
acquisition during growth. There are a limited amount of data on the genetic risk of 
reduced bone mineral acquisition in healthy children and adolescents. The genes, 
polymorphisms and their effect-sizes are likely to be different to those affecting post­
menopausal bone loss.
Some paediatric studies have found an association between alleles of vitamin D 
receptor gene (VDR) (such as BsmI, TaqI, FokI, Apal) and BMD (Ferrari et al. 1995, 
Klisovic et al. 1995, Tao et al. 1998), suggesting that certain VDR alleles (such as 
BB and tt) may be markers of low PBM. Genotype BB/Bb may result in higher bone 
mass accumulation when supplemented by calcium, indicating that it is feasible to 
identify subjects who could benefit from calcium supplements during adolescence 
(Ferrari et al. 1995, Ferrari et al. 1998a). VDR gene also has an association with 
body weight (Matkovic 1996, Keen et al. 1997). It has been speculated that as
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mechanical loading on the skeleton during exercise is known to increase BMD (Bass 
et al. 1998), it is possible that the VDR genotype effect on BMD might be mediated 
through an indirect effect on individual muscle mass or muscle strength. 
Alternatively it might modulate the sensitivity of the skeleton to mechanical loading 
by muscles (Tao et al. 1998).
The targeting of intervention strategies for increasing bone mass, such as exercise 
and calcium intake during childhood for individuals with “unfavourable BMD 
genes” may result in higher attainment of PBM. Short-term studies indicate that such 
interventions have greater effects on BMD before puberty (Johnston et al. 1992, Bass 
et al. 1998), suggesting that strategies to prevent osteoporosis should be started 
during early childhood. The optimal time to observe an effect on the VDR allele may 
be during the first 20 years o f life (Tao et al. 1998).
In adulthood
The most widely studied genetic polymorphisms regarding their contribution on 
BMD and risk o f osteoporosis are VDR gene (Morrison et al. 1994), oestrogen 
receptor-a gene (Kobayashi et al. 1996) and collagen type I a-1 gene (COLIAl) 
(Grant et al. 1996). The effect of the genes with most compelling evidence on the 
variance of BMD varies from 1.7-2.5% at the VDR to 2% at the COLIAl. 
Polymorphisms of other candidate genes such as those for interleukin-6, 
transforming growth factor-^, apolipoprotein E (ApoE) and calcitonin receptor gene 
have also been found to have an association with bone mass, but the usefulness of 
these polymorphisms is still limited or unexplored. For example, the ApoE4 allele 
has been associated with a low bone mass in postmenopausal Japanese and American 
women (Cauley et al. 1997, Shiraki et al. 1997), although the association has not 
been proven in other populations, such as postmenopausal Finnish women (Ralston 
1999, Heikkinen et al. 2000). Although most evidence is gathered for BMD, bone 
microarchitecture, size and geometry are predictors of osteoporosis that are 
independent of BMD and also appear to be under genetic control (Ralston 1999).
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1.4.1.1 Familial resemblance of bone mass
Skeletal development is influenced by interaction between hereditary and 
environmental factors. These effects are most profound during growth. The 
environment into which a child is bom may significantly modify the genotypic 
expression of certain traits and characteristics. There are a number of studies 
addressing the familial resemblance in adult family members, but fewer studies on 
child-parent pairs (Matkovic et al. 1990, McKay et al. 1994, Ferrari et al. 1998b).
The research has proven that there are consistent parent-offspring correlations in 
BMD, and that family history o f osteoporosis is associated with an increased risk of 
low BMD and fracture (Lutz and Tesar 1990, O'Brien et al. 1998, Danielson et al. 
1999, Nordstrom and Lorentzon 1999). For example, maternal BMD and broadband 
ultrasound attenuation (BUA) have been shown to be important independent 
predictors of BMD and BUA among adult-daughters (Danielson et al. 1999). Strong 
familial resemblance in BMD has been demonstrated across three generations 
(grand-mother, mother, daughter/son) (McKay et al. 1994). Heritability estimates 
have been found to be higher in mother-daughter than in mother-son pairs (Jones and 
Nguyen 2000). Environmental factors have been shown to account for a considerably 
larger proportion of the variation in BMD in women than in men, especially in the 
spine and hip (Mitchell et al. 2003).
Familial resemblance in bone mass seems to be already detectable in pre-pubertal 
girls (Ferrari et al. 1998b), particularly at trabecular bone. Trabecular bone is more 
directly dependent on genetic factors, and less affected by body size determinants or 
dietary calcium intake than cortical bone. Heritability o f bone mass also seems to be 
gender specific and under separate genetic control to linear growth (Jones and 
Nguyen 2000). Bone mineral mass, as well as linear growth, is likely to track from 
childhood to up to PBM achievement, despite spontaneous changes in lifestyle and 
endogenous factors occurring during puberty (Ferrari et al. 1998b).
Generally, these findings highlight the importance o f early intervention in those 
families with a history of osteoporosis. Children o f parents with low bone mass may
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be at greater risk and they could be the optimal target for early intervention. 
However, it is not yet clear whether the familial association is mediated by bone 
mineralization on the pre-pubertal or the pubertal period or perhaps both (Jones and 
Nguyen 2000).
1.5 Nutrition and peak bone mass
Nutrition is one of the several factors influencing bone mass accumulation during 
growth. Gene polymorphisms or the level o f physical activity may modulate the 
response of specific bone acting nutrient. Nutrients may also have synergistic effects, 
although research in this area is still in early stages (Bonjour et al. 2003). Since 
calcium has been shown to be such an important nutrient for bone health, other 
nutrients have not been as carefully studied and hence current knowledge about 
nutrition and bone health is limited.
1.5.1 Calcium
The calcium content of a human body increases from about 25 g at birth to about 
1200 g in adulthood with 99% of this in the skeleton and teeth, mainly as 
hydroxyapatite [Caio(P04)6(OH)2]. The remaining 1% is in tissues and fluids: 
intracellularly as a universal messenger for muscle contraction, mitosis and secretion, 
and extracellularly it is involved in blood coagulation and neuromuscular signal 
transmission. The levels of ionised calcium (s-Ca 2.3-2.75 nmol/1) are strictly 
maintained by the calcium reserves in skeleton and by adaptation in absorption and 
excretion of calcium. This homeostasis is mainly controlled through the actions of 
parathyroid hormone (PTH), calcitriol (vitamin D) and calcitonin. As serum Ca^^ 
concentration falls, there is an increase in PTH secretion. PTH acts on bone to 
release calcium, and on the kidney to reduce urinary calcium excretion and increase 
the production of calcitriol. Calcitriol acts on the intestine to increase calcium 
absorption and on bone to further release calcium. Increases in serum Ca^^ are 
reversed by calcitonin (secreted by thyroid gland) and by the negative feedback of
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calcitriol on PTH secretion (Hancox 1972, Heaney 1993, Department of Health 
1998, Cashman and Flynn 1999, Prentice et al. 2003).
During PBM development, sufficient calcium is required for bone mineral accretion 
and skeletal modeling. This is achieved through positive calcium balance between 
calcium intake and obligatory losses via faeces, urine and sweat (Matkovic et al. 
1995). The importance of calcium during growth is unquestionable, although there is 
much disagreement concerning how much is adequate. There is no biomarker to 
assess calcium nutritional status that would be easily applied clinically, as for 
example serum ferritin for iron. However, it has been shown that biochemical 
markers of bone turnover predict bone mass changes and fracture risk, and respond 
to dietary calcium intake (Cashman and Flynn 1999). Peak requirements occur 
during the first month of life and during the adolescent growth spurt, when up to 
around 400 mg of calcium may be retained by the skeleton each day. After the age of 
20 years retention is much slower, less than 20 mg/day (Kanis 1994, Jackman et al.
1997). The efficiency of calcium absorption varies depending on age, the level of 
calcium intake and individual calcium status. Generally, the absorption rate in 
infancy is high (40%) decreasing in childhood and adolescence to about 30% and in 
adulthood to about 20% (Matkovic 1991).
Calcium is a threshold nutrient during growth. This means that skeletal calcium 
accumulation increases linearly with intake, but above the threshold level further 
increases in intake are excreted in the urine. Additional calcium above the threshold 
will not produce more bone than is required by genetic programming or by current 
levels of mechanical loading. In sub-threshold diets, excessive bone resorption may 
result in some of the bone deposited being resorbed, so that its calcium content can 
support the demands of continuing linear growth. The resulting bone is thus of 
normal external size and shape but of decreased cortical and trabecular thickness 
(Heaney 1993).
Recommendations for optimum calcium intake are an area of considerable 
controversy. The recommendations for children and adolescents vary between 
countries, partly because calcium absorptive capacity and losses vary considerably
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between different populations (Michaelsson et al. 1997). The recommendation for 
11-14 year old females in the UK is 800 mg/d (RNI; Recommended Nutrient Intake) 
(Department of Health 1991) and in the USA 1200 mg/d (RDA; Recommended 
Daily Allowance) (National Research Council: Food and Nutrition Board 1989). 
Additionally, the USA National Institutes of Health (NIH Consensus Development 
Panel 1994) published a higher “Optimal Calcium Requirement” of 1200-1500 mg/d 
to optimise PBM of 11-18 year olds. In 1997, National Academy of Sciences (NAS) 
reviewed requirements for the USA and Canada and recommended 1300 mg calcium 
a day as ’’Adequate Intake”. The UK Department of Health report (Department of 
Health 1998) did not, however, raise the UK recommendation. The reason for the 
differences in recommendations are said to result from the groups approaching the 
problem from different viewpoints; the UK group targeted intakes adequate for a 
population, whereas the USA group targeted intakes that were optimal for health 
(Weaver 1999). A recent UK National Diet and Nutrition Survey (NDNS) (Gregory 
et al. 2000) showed that calcium intakes in 7-10 year old girls (656 mg/d) are above 
the RNI (550 mg/d) but for 11-14 year old girls, the intakes (641 mg/d) were 
substantially lower than the RNI (800 mg/d).
Since calcium is the most abundant mineral in the skeleton, it has been a subject of 
several studies. The following section will review the evidence to support the 
importance of calcium in bone development during childhood and early adulthood.
1.5.1.1 Studies on calcium and PBM
Cross-sectional studies
Over the years, several cross-sectional, retrospective studies in adults have shown a 
positive association between milk consumption during adolescence and young 
adulthood and bone mass in adulthood (Matkovic et al. 1979, Nieves et al. 1995, 
New et al. 1997). These studies have highlighted the importance of adequate calcium 
intake and nutritional status on PBM, but have not been able to specify which 
developmental phase is most important for optimal bone accumulation. Several 
cross-sectional studies have also investigated the association between dietary calcium
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intake and bone density in children and adolescents. The results have been 
inconsistent (Table 1.1). Many have found a positive association between calcium 
intake and bone mineral density (Sentipal et al. 1991, Rubin et al. 1993, Matkovic et 
al. 1995, Ruiz et al. 1995) and concluded that adequate calcium intake during 
adolescence optimises PBM. In contrast, some studies have not found such an 
association (Table 1.1) (Katzman et al. 1991, Boot et al. 1997, Uusi-Rasi et al. 1997, 
Kardinaal et al. 1999).
Supplementation studies
Calcium supplementation studies (using 300-1000 mg of calcium salts) have shown 
consistently positive findings regarding the impact o f calcium intake on bone mineral 
density in young females (Johnston et al. 1992, Lloyd et al. 1993, Lee et al. 1994, 
Nowson et al. 1997, Dibba et al. 2002, Stear et al. 2003). Bone mineral accretion 
improved between 1-5% in supplemented groups. However, follow-up measurements 
after the supplementation discontinued have mostly shown that the significant 
differences in BMD have disappeared (Lee et al. 1996, Lloyd et al. 1996, Slemenda 
et al. 1997).
Supplementation studies using calcium from food sources (such as milk, milk 
extracts or dairy produce) have shown an increase in bone mass up to 10%, 
compared with 1-5% increase in studies using calcium salts as the source of 
supplementation (Chan et al. 1995, Bonjour et al. 1997a, Cadogan et al. 1997, 
Lambert et al. 2000, Merrilees et al. 2000). An 18-month supplementation study in 
the UK providing 1 pint (568 ml) of milk/day showed a significant increase in bone 
mineral acquisition in the supplemented group (age 12.2 ± 0.3 years) (Cadogan et al.
1997). The study received criticism regarding the possible increased breakfast cereal 
consumption in the milk group (New et al. 1998) and the varying maturational status 
of subjects in the groups (Griffiths and Francis 1998), which were however unlikely 
to influence the results according to the authors (Eastell et al. 1998). Some of the 
dairy supplementation studies have reported a detectable benefit on bone mass up to 
3 years after discontinuation of the supplementation, suggesting that this nutritional 
intervention, unlike those using calcium salts, had influenced bone modeling and led 
to a lasting change in the bone accrual (Merrilees et al. 2000, Bonjour et al. 2001b).
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As a calcium supplement, milk is a complex food which includes other nutrients 
essential for bone development, such as protein, phosphorus, vitamins A and C. It is 
not clear whether calcium alone is responsible for the increase in bone mass. Studies 
investigating dietary patterns have shown that diets deficient in calcium are also low 
in a range of other nutrients (such as magnesium and phosphorus) (Barger-Lux et al. 
1992). Another study found that the consumption of carbonated low nutrient dense 
beverages appeared to replace consumption of milk beverages, and hence reduced 
bone mineral accrual in adolescents (Whiting et al. 2001).
Overall, calcium supplementation studies have found increased bone mass in girls, 
with persistent increase only when supplementation was given as a food source such 
as milk or other dairy products. Currently, there are no calcium supplementation 
studies continuing until PBM has been reached. There appears to be no obvious 
relationship between the amount of bone mineral achieved in different studies and 
the habitual calcium intake of the subjects, or the calcium supplement used. In 
addition, it is still under investigation whether the bone response depends for 
example on the level of customary calcium intake or stage of pubertal development 
(Flynn 2003).
Bone remodeling transient
The important phenomenon of ‘bone remodeling transient’ needs to be taken into 
account when longitudinal bone intervention studies (for example modifying calcium 
intake, exercise or any other factor that affects bone remodeling) are interpreted. The 
term describes the suppression of bone remodeling that results in one-time initial 
gain in bone mass over the first 3-12 months after increasing calcium intake. It is 
thought to reflect completion of osteoblast activity after the inhibition of osteoclastic 
activity by the increased calcium intake. Much of the gain in bone mass appears to be 
sustained only for the duration of calcium supplementation, hence described as 
transient. Therefore, as shown earlier, some studies have observed that skeletal 
differences between the study groups achieved during supplementation disappeared 
after discontinuation of the supplementation. The one-time increase in bone mass can 
however result in higher PBM, although further research in this area is required 
(Cashman and Flynn 1999, Heaney 2001).
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In conclusion, further longitudinal studies are necessary to determine whether the 
effects of calcium supplementation during growth remain through to PBM or 
whether differences in bone mass are due to irreversible changes in bone remodeling 
(Bonjour et al. 2001b, Matkovic et al. 2003). To ensure sufficient intake of calcium 
during growth, and particularly at the start o f puberty, a diet providing a daily intake 
of dairy products could be recommended. Dairy products are relatively inexpensive 
and without health risk and involve minor adjustments in life style to provide 
potentially large benefits in terms of maximising PBM (Kerstetter 1995).
1.5.2 Protein
The evidence relating to the long-term relationship between protein intake and bone 
health remains inconsistent, and in adults there is no consensus on the effect of 
dietary protein on the skeleton (Dawson-Hughes and Harris 2002). Available data 
need to be considered in context of the age, health status and usual diet of the 
population (Department of Health 1998, Ginty 2003).
Under-nutrition (including protein-energy malnutrition; PEM) or low protein intake 
during growth can cause growth retardation and decreased formation of cortical 
bone, and hence interfere with PBM development. Animal studies indicate that 
isolated protein deficiency leads to reduced bone mass and strength i.e. to 
osteoporosis (Rizzoli and Bonjour 1999). The effect is probably mediated by IGF-I 
(among other factors), partly through its role in calcium phosphate metabolism in the 
kidneys, as described earlier. Also, IGF-I is an essential factor for bone formation 
and longitudinal bone growth, because it stimulates proliferation and differentiation 
o f chondrocytes in the epiphyseal plate. It also has a role in trabecular and cortical 
bone formation. Nutrition is one of the primary regulators of IGF-I (Price et al. 1994, 
Bonjour et al. 2001a).
It is well known that adequate protein intake is essential for growth. It is however 
unclear whether variations in protein intake amount and quality in well-nourished 
children and adolescents contribute to bone size, mineral content and actual PBM
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achieved. A positive relationship has been found between dietary protein intake and 
bone accretion, especially in pre-pubertal children (Clavien et al. 1996, Bonjour et al.
2003). Protein intake is positively correlated with total energy intake, thus intake can 
be determined by energy requirements for growth during childhood. Until 
intervention studies on the effect of varying protein intake levels in isocaloric diets 
on pubertal bone gain have been undertaken, a causal relationship cannot be 
assumed.
On the other hand, at least in adults, a high intake of dietary protein adversely affects 
calcium balance by increasing urinary calcium excretion. It has been estimated, that 
1 mg calcium is lost in urine for every 1 g rise in dietary protein (Kerstetter and 
Allen 1990, Heaney et al. 2000). This has led to the hypothesis that excessive dietary 
protein consumption has a negative effect on bone mass. This effect has not been 
confirmed in children, who are in positive nitrogen balance due to body protein 
synthesis during growth. The calciuretic action of high protein intakes has mainly 
been attributed to excessive intake of animal protein, which has a high content of 
sulphur-containing amino acids methionine and cysteine. However, studies on 
vegetarians vs. omnivorous populations have not conclusively proven that this is the 
cause (Tylavsky and Anderson 1988, Tesar et al. 1992). It has been shown that rich 
food sources of sulphur-amino acids include not only animal protein (i.e. meat, eggs, 
dairy) but also nuts and cereals. The primary response to a higher dietary protein 
intake is hepatic oxidation of the sulphur-containing amino acids to H2SO4 and thus a 
consequent reduction in blood pH. Consequently, bone resorption and thus urinary 
calcium losses increase (Remer 2000), although these events also depend on the 
dietary alkali load (K, Na, Ca, Mg) which has been shown to neutralise the pH- 
lowering effects o f a higher dietary acid load (Buclin et al. 2001).
While young people and adults in developed countries are more likely to have an 
excess intake of protein, elderly people are more likely to suffer from protein 
insufficiency, which may itself have a detrimental effect on maintenance of bone 
mineral density (Heaney 1993).
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1.5.3 Vitamin D
The importance of vitamin D to bone lies in calcium absorption and bone resorption. 
Vitamin D controls plasma calcium concentrations by inducing the synthesis of a 
calcium-binding protein in intestinal mucosal cells and stimulating active intestinal 
absorption of calcium. Low vitamin D levels result in a small decline in the 
circulating calcium concentration, which leads to an increase in PTH with 
corresponding increase in bone resorption and release o f calcium from bone 
(Molgaard and Michaelsen 2003, Reid 2003).
There are two sources of vitamin D: cholecalciferol (D3) and ergocalciferol (D2). 
Vitamin D3 is synthesised through the action of sunlight in the skin from the 
cholesterol precursor 7-hydroxycholesterol, which reacts to u.v.B light of 
wavelengths 290-315 nm. Vitamin D2 is synthesised in plant and fungi. Dietary 
supplements providing vitamin D may contain either D3 or D2. Although 
quantitatively, endogenous production of D3 in the skin is more important in most 
individuals, it is difficult to establish an adequate level of sun exposure. Vitamin D2 
as the dietary source is especially important when the synthesis from the skin is 
limited, for example in institutionalised elderly people and in those who wear fully 
concealing clothes outdoors. Vitamin D production in the skin is also affected by the 
level of air pollution and cloud cover, as well as skin pigmentation and the use of 
sunscreens (Molgaard and Michaelsen 2003). Vitamins D2 and D3 become 
metabolically effective only after they have been converted to 25(OH)D in the liver 
and 1,25(0H)2D in the kidney. Both forms contribute to the biological activity o f the 
vitamin, although the former is used for assessment of vitamin D status (Guyton and 
Hall 1996, Hollis 1996, Stevenson and Lindsay 1998).
The extreme consequence of vitamin D deficiency in children is rickets. Early signs 
of rickets include growth failure, lethargy and irritability, followed by clinical 
changes such as swelling of the distal ends of long bones and bowing of the legs 
(Molgaard and Michaelsen 2003). Milder degrees o f insufficiency produce no 
specific symptoms, but may result in reduced efficiency o f absorption of dietary
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calcium. This can prevent full acquisition of the genetic potential for bone mass 
(Heaney et al. 2000). Currently however, there is no consensus on how to define 
optimal vitamin D status. Vitamin D insufficiency is usually the result of inadequate 
exposure to sunlight, combined with a low intake of the few dietary sources of the 
vitamin (such as oily fish, fish oils, egg yolk, butter, meat, liver and margarine which 
in the UK is fortified with vitamin D). Seasonal deficiency of vitamin D has been 
described in children (Lehtonen-Veromaa et al. 1999), with a corresponding increase 
in PTH levels (Docio et al. 1998). Low serum vitamin D levels have been associated 
with lower forearm BMD (Outila et al. 2001), and also with higher bone resorption 
and lower gain in bone mass in the lumbar spine and femoral neck over a 3 year 
period in girls aged 9-15 years (Lehtonen-Veromaa et al. 2002).
The implications of low vitamin D levels on PBM development and development of 
osteoporosis are still unclear (Ovesen et al. 2003). According to UK Department of 
Health, vitamin D deficiency is unlikely to be of such a major concern in the younger 
population as in the elderly, and there is no RNI set for people 4-65 years of age 
(Department of Health 1998).
1.5.4 Other dietary factors
Several dietary factors are regarded as having a negative effect on bone health either 
through decreasing calcium absorption (such as fibre, free fatty acids, phytates and 
oxalates) or increasing urinary excretion o f calcium (such as protein, sodium and 
caffeine). Many nutrients are however co-dependent and simultaneously interact with 
genetic and environmental factors. Dietary calcium can also affect absorption of 
other nutrients. The complexity of these interactions is partly the reason many studies 
have controversial or inconsistent findings regarding the effects o f single or groups 
of nutrients on bone health (Ilich and Kerstetter 2000, Sarazin et al. 2000).
There is a lack of intervention studies on the effect of dietary intake o f many 
micronutrients on bone health in children and adolescents. Cross-sectional 
epidemiologic studies have failed to show clear relationships between dietary intake
29
of trace minerals and bone measures (Ilich et al. 1998, Neville et al. 2002). This may 
partly result from values for some of the nutrients not being available in various food 
composition databases, hence estimates of intakes are often inaccurate and 
associations obscured (Heaney et al. 2000).
Phosphorus
As part o f hydroxyapatite, phosphate constitutes more than half the mass of bone 
mineral. Phosphorus (in the form of phosphate) must therefore be present in the diet 
in adequate quantities to mineralize and maintain the skeleton. In Western diets, 
phosphorus intake is usually adequate, due to the consumption of wide range of 
dietary sources such as meat, fish, eggs, dairy products, cereals and carbonated 
beverages. On the contrary, there is concern that intake is excessive, resulting in 
increased serum phosphorus concentration and subsequent lower calcium levels, with 
consequent elevation in PTH levels and potentially bone resorption (Ilich and 
Kerstetter 2000). A high consumption of carbonated beverages by children and 
adolescents may have adverse effects on bone, possibly due to the high acid load 
caused by the ingestion o f phosphoric acid and/or displacement of milk from the diet 
and thus a lower calcium intake (Whiting et al. 2001). In 8-15 year old British girls, 
the intake of phosphorus was found to be high, around 149-203% of the RNI 
(Gregory et al. 2000).
Magnesium
In the adult body there is about 25 g o f magnesium with two thirds of this deposited 
in the skeleton. Most of this is gained during adolescence. Magnesium in bone is not 
an integral part of the hydroxyapatite structure (like Ca and P) but it is absorbed on 
the surface, where it enhances bone quality by influencing hydroxyapatite crystal 
growth. Magnesium deficiency alters calcium metabolism resulting in hypocalcemia, 
vitamin D abnormalities and neuromuscular hyper-excitability (Heaney 1993, 
Guyton and Hall 1996, Heaney et al. 2000). Animal studies suggest a link between 
low magnesium intake and osteoporosis (Creedon et al. 1999), as a magnesium- 
restricted diet has been shown to result in qualitative changes in bone and abnormal 
bone turnover in rats. The human body however adapts to a low intake by efficiently 
decreasing urinary excretion. In adults, magnesium intake has been shown to
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positively correlate with BMD (Tucker et al. 1999). A normal diet is likely to contain 
enough magnesium to prevent severe deficiency. Diets of adolescents have however 
been shown to be low in magnesium (mean intakes between 65-89% of the RNI for 
8-15 year old girls in the UK) (Gregory et al. 2000).
Fluoride
If fluoride is available in the body during the development of teeth and bone, it is 
incorporated into their mineral structure. Fluoride appears to function in the 
crystalline structure of bone, where it becomes part of the hydroxyapatite structure, 
replacing the hydroxyl group and forming fluoroapatite. It has been shown to make 
teeth more resistant to decay, but long-term effects on bone are not well-known 
(Heaney et al. 2000, Walsh et al. 2003).
Zinc
The human body contains 1-2 g of zinc of which 90% is found in muscle, bone, skin 
and hair, and <1% in blood. Zinc plays an important role in connective tissue 
metabolism, being a cofactor for enzymes such as alkaline phosphatase and 
collagenase. Zinc is required for adequate osteoblastic activity as well as bone 
calcification. Mild zinc deficiency in children may lead to growth retardation, 
anorexia, hypogeusia and abnormal immune function. Adolescents with poor eating 
habits may suffer from mild zinc deficiency. Zinc supplementation has resulted in 
increased growth velocity, and simultaneous increases in IGF-I and osteocalcin in 
undernourished children, but not in healthy adolescent girls (Clark et al. 1999, 
Heaney et al. 2000, Walsh et al. 2003).
Copper
There is around 75-100 mg of copper in the human adult body which is mostly 
accumulated during growth. Copper is the cofactor o f lysyl oxidase which catalyses 
crosslinking of lysine and hydroxyproline in collagen, hence contributing to the 
mechanical strength of collagen fibrils. Deficiency is rare due to the wide range of 
dietary sources. In animals, copper deficiency has been found to lead to decreased 
bone strength. (Ilich and Kerstetter 2000).
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Sodium
The main source of dietary sodium is salt (sodium chloride). Sodium intake is 
irreversibly correlated with urinary calcium excretion. On average, for every 2300 
mg (100 mmol) of sodium excreted in the urine, the loss of calcium is 24-40 mg (0.6- 
1 mmol) (Matkovic et al. 1995). During rapid growth, a low calcium intake and a 
relatively high obligatory calcium loss in the urine, potentiated by a high sodium 
intake, may reduce calcium retention in the skeleton and reduce PBM (Matkovic 
1991). However, further research is needed to establish whether high habitual salt 
intake affects bone mass during growth and increases fracture risk at later age 
(Teucher and Fairweather-Tait 2003).
Vitamin K
Traditionally, vitamin K has been recognised for its role in normal blood 
coagulation, but is now receiving more attention for its role in bone metabolism. 
Vitamin K is a coenzyme for gamma-carboxylase, an enzyme that mediates the 
conversion of glutamate to gamma-carboxyglutamate. Osteocalcin (bone Gla- 
protein), which is a vitamin K dependent protein, is a major non-collagenous protein 
incorporated in bone matrix during bone formation. Vitamin K deficiency will result 
in an increase in under-carboxylated osteocalcin, a protein with low biological 
activity. Through the osteocalcin effect, it is assumed that vitamin K may have a 
protective role against age-related bone loss, but the effects on bone development in 
children and adolescents are still unknown (Heaney 1993, Booth 2003).
Fibre
Some fibre sources, such as wheat bran can bind calcium in the intestine and 
decrease the absorption of calcium by approximately 20-30% when daily fibre intake 
increases from 0-1 g to 30 g. However, this can easily be compensated for by a small 
increase in dietary calcium intake. Wheat bran, but not many other plant fibres, have 
been found to interfere with calcium absorption (Heaney 1993).
Acid-alkaline ash o f  a diet
The effects on bone health of whole foods providing a range of nutrients are more 
complicated to investigate than the effects o f a single nutrient. For example, the acid-
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ash content of the diet may affect bone by altering the acid-base status in the body. It 
has been hypothesised that bone mineral functions as a buffer base and releases 
calcium to neutralise generated protons. Lifetime buffering of the acid load resulting 
from the ingestion of mixed diets may hence lead to gradual and accumulated bone 
loss (Wachman and Bernstein 1968). Nutrients that may have such buffering effects 
include potassium and magnesium, which are found in a variety of umefmed foods, 
such as fruit and vegetables. Diets high in fruit and vegetables produce more alkaline 
urine by contributing a variety of compounds that accept hydrogen ions during their 
metabolism (Tucker et al. 1999). Studies have indicated an association between fruit 
and vegetable consumption and bone mineral density in adults. Nutrients widely 
available in fruit and vegetables such as zinc, magnesium, potassium, fibre and 
vitamin C have been positively associated with higher bone mass, as well as 
negatively associated with markers of bone resorption in pre-menopausal women 
(New et al. 1997, New et al. 2000). Dietary potassium, magnesium and fruit and 
vegetable intake contributed to the maintenance of bone mineral density in the 
elderly (Tucker et al. 1999). Animal studies have also indicated that common 
vegetables (such as onions) alter bone metabolism in rats (Muhlbauer and Li 1999). 
Evidence for these interactions still remains limited, and further research in adults 
but especially in children is required. It has been suggested that including an 
appropriate amount of alkaline forming foods, such as fruit and vegetables, in the 
daily diet could be an effective and inexpensive way to increase bone mineral density 
and decrease the incidence of osteoporosis.
33
1.6 Physical activity and peak bone mass
Physical activity is defined as body movement produced by skeletal muscles that 
requires energy expenditure and produces overall health benefits. Exercise, a type of 
physical activity, is defined as a planned, structured and repetitive body movement 
done to improve or maintain one or more components of physical fitness. Physical 
inactivity denotes a level of activity less than that needed to maintain good health 
(NIH Consensus Development Panel 1996).
Currently, there is increasing research interest regarding the optimal timing of 
exercise to provide benefits to the growing skeleton (MacKelvie et al. 2002). At 
puberty, the increasing level of sex hormones, as well as GH and IGF-I, provide a 
substantial stimulus to bone gro^vth. It has been suggested that the responsiveness of 
growing bones, especially trabecular bone, to physical activity is related to their 
sensitivity to circulating hormones (Slemenda et al. 1994, Barr and McKay 1998).
The effect of age at commencement of intense physical activity (relative to the age of 
menarche) on bone mass was studied by Kannus et al. (1995) in adult female tennis 
and squash players. They found the benefit of playing on bone mass to be about 
twice as great if  females started playing at or before menarche rather than after it 
(Kannus et al. 1995). A study on female tennis players aged 7-17 years (Haapasalo et 
al. 1998) examined at which developmental stage the effect o f physical activity on 
bone density becomes obvious. They found significant differences in bone mineral 
density between the competitors playing and non-playing arms in all stages of 
puberty (pubertal stages 1-5). However, differences in bone mass between players 
and controls did not appear obvious until peri-pubertal stage (pubertal stage 3). This 
is the period of rapid longitudinal growth and natural bone accumulation just before 
menarche. Before or after this optimal time period, the loading effect seems to be 
less clear, and the bone-loading activity has to be more frequent and intense to 
become obvious. This was partly explained by rising levels o f oestrogen during 
puberty that inhibit bone resorption and enhance bone formation. A stimulus of 
mechanical loading together with the oestrogen will further enhance bone formation 
(Haapasalo et al. 1998).
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1.6.1 Studies on physical activity and bone mass during growth
Studies on children participating in intense exercise regimes improve our 
understanding of the effect of high levels of mechanical loading on growing bone. 
There is now convincing evidence that weight-bearing exercise has a positive effect 
on bone health during growth. The literature provides a number of cross-sectional 
(Table 1.2) and longitudinal studies (Table 1.3) investigating the effect of different 
types of physical activity on bone health in child and adolescent athletes. Also, 
exercise intervention studies with targeted loading have shown a positive effect on 
bone mass after a relatively short, eight-month period, in normal healthy children 
(Table 1.4) (Blimkie et al. 1996, Morris et al. 1997, Bradney et al. 1998, McKay et 
al. 2000, MacKelvie et al. 2001). Further intervention studies are however urgently 
required with longer intervention and follow-up periods (MacKelvie et al. 2002). As 
with calcium intervention studies, there is a possibility that the increase in bone mass 
is due to bone remodeling transient resulting in a temporary increase in bone mass 
that disappears soon after the intervention has stopped.
Overall, subjects undertaking weight-bearing activity seem to have a higher bone 
mass compared to subjects undertaking non-weight bearing activity. Various cross- 
sectional studies over the years have shown female gymnasts (weight-bearing 
activity), both children and college-age athletes, to have higher bone mineral density 
than either swimmers (non-weight-bearing activity) or controls (Nichols et al. 1995, 
Cassell et al. 1996, Dyson et al. 1997, Courteix et al. 1998, Lehtonen-Veromaa et al. 
2000b, Lehtonen-Veromaa et al. 2000c, Jaffre et al. 2003, Zanker et al. 2003).
Longitudinal studies (Table 1.3) have shown a greater bone gain over time in 
gymnasts compared with runners and/or controls (Bass et al. 1998, Lehtonen- 
Veromaa et al. 2000a, Laing et al. 2002), although this finding has not been 
conclusive (Courteix et al. 1999, Nickols-Richardson et al. 1999). A report by Laing 
et al. (2002) found that the 6-15% greater baseline areal BMD values in young 
gymnasts vs. controls had increased to 12-23% after 3-years of training. Both the 
increased mechanical loading and the introduction of more advanced manoeuvres
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were suggested as reasons for the gains observed in gymnasts. This coincides with 
Frost’s mechanostat theory suggesting a minimum level of effective strain must be 
surpassed to drive the modeling process and stimulate the rate of bone mineral 
accrual (Laing et al. 2002).
Gymnastics involves several activities which strain the skeleton. These include 
jumping, vaulting, turning, tumbling and aerial landings, which all place high loads 
on the musculoskeletal system (Taaffe et al. 1995). It has been estimated that 
gymnastic activity produces forces as great as 18 times body weight during landings, 
compared to only 1-2 times body weight for walking and running (Barr and McKay
1998). Swimmers’ bone density measurements do not seem to differ significantly 
from the controls. Swimming does not exert impact loading on the skeleton and does 
not seem able to influence bone mineral acquisition, despite the high training 
volumes. Moreover, the body o f an elite swimmer is immersed in water for long 
periods, being in a weightless situation (as during bed rest or space flight), which is 
known to decrease bone mass.
Studies in young adults (Heinonen et al. 1993, Heinonen et al. 1995) have reported 
that training including high strain rates in versatile movements and high peak forces 
(e.g. squash, weight-lifting) is more effective in bone formation than training with a 
large number of low-force repetitions (e.g. cycling, general physical activity). The 
optimal type, intensity and duration of weight-bearing activity to maximise PBM 
development in growing children is still under investigation.
1.6.2 Bone mass after cessation of training
Limited research has been undertaken to assess whether the beneficial effects of 
sports participation during childhood on bone are maintained into adulthood. The 
findings in male tennis and squash players suggested that the benefits gained during 
early life are maintained provided that activity is kept constant, although the study 
did not address the effect of termination of training (Kannus et al. 1994). Research 
on elderly former soccer players suggested that high BMD was no longer recorded
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after retirement and fracture frequency was no less than predicted in old age 
(Karlsson et al. 2000). However, the study has received criticism regarding the small 
sample size and great variance in age and training history, which do not allow for 
such conclusions to be drawn (Goodfellow et al. 2000, Lorentzon et al. 2000, 
Sievanen et al. 2000).
Retired gymnasts aged 18-45 years have been found to have higher bone mass than 
age, height and weight matched controls. All the reported studies on former 
gymnasts have however been rather small in size with large variation in age range. 
Lindholm et al. found that former gymnasts had 7% higher areal BMD of the arms 
than controls, but no difference was found in other parts of the skeleton, despite 
many of the gymnasts having a history of late menarche and/or irregular periods and 
low energy intake (Lindholm et al. 1995b). Kirchner et al. reported that 18 retired 
gymnasts aged 29-45 years old had on average 9-22% higher areal BMD in several 
parts of the skeleton (TB, LS, FN and Ward’s triangle). The mean age at the 
beginning of the training was 11.9 years and they had competed on average for 7.3 
years (Kirchner et al. 1996). Bass et al. examined 15 former elite gymnasts and found 
6-16% higher areal BMD at all sites measured, except the skull. The women were 
18-35 years of age and had been retired for a mean of 8 years (range 1.5-20 years) 
(Bass et al. 1998). It can however be questioned that if  disordered eating habits and 
menstrual irregularities exist during the athletic career, and continue into young 
adulthood, skeletal benefits may not persist to reduce fracture risk at older age.
Before recommendations can be made regarding the role of exercise during 
childhood in achieving high bone mass, the benefits of exercise must be shown to 
continue into adulthood and to be sufficiently biologically significant to reduce the 
risk of fracture in older age (1 SD higher areal BMD is associated with a halving of 
fracture risk). This has not yet been achieved, but as a general recommendation, 
encouraging children and adolescents to undertake loading exercise will ideally 
promote the maintenance of an active lifestyle and improve bone health over 
throughout life (MacKelvie et al. 2002).
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1.6.3 Interaction between physical activity and diet
The independent roles of physical activity and dietary factors, especially calcium on 
bone health have been widely investigated. However, there is currently little data on 
the potential interactive synergistic effects of calcium and physical activity on 
children and adolescents. To determine whether calcium modifies the effect of 
physical activity on bone, a 2x2 factorial design is required with exercise (yes/no) 
and calcium supplementation (yes/no) as the two main factors, but these studies are 
still sparse. In theory, increased physical activity could increase bone turnover and 
matrix formation, allowing for greater mineralization sites within bone. The increase 
in bone turnover will only result in increased bone density if  there is sufficient 
calcium available. Another theory suggests that high levels of daily physical activity 
may permit an adaptation to low calcium intakes (Murphy and Carroll 2003). A 
review on the interaction in adults found that physical activity has a beneficial effect 
on BMD at high calcium intakes, but no effects at intakes <1000 mg/day. Also, the 
beneficial effect of a high calcium intake was only evident in the presence of 
physical activity (Welten et al. 1994, Specker 1996).
Intervention studies in children suggest that calcium intake may influence the impact 
o f exercise on bone, with greater effects on calcium-replete subjects (luliano-Bums 
et al. 2003, Murphy and Carroll 2003, Specker and Binkley 2003). A recent study in 
pre- and early-pubertal girls concluded that greater gains in bone mass at loaded sites 
may be achieved when short bouts of moderate exercise are combined with increased 
dietary calcium, the former conferring region-specific effects and the latter producing 
generalized effects (luliano-Bums et al. 2003). Another study suggested that physical 
activity has a greater role in PBM development in pre-pubertal years, whereas dietary 
calcium has its impact at mid-puberty (Wang et al. 2003). Overall, it has been 
speculated that nutritional factors such as calcium intake have a permissive role, but 
mechanical loading exerts the modifying effect for bone mineralization to reach its 
genetic potential. Further research is required to fully understand the interaction 
between calcium intake and other potential nutritional factors and physical activity 
on bone health (Baxter-Jones et al. 2003a).
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1.7 Assessment of dietary intake
There are several ways o f assessing nutrient intake, although attempts to accurately 
measure habitual intake remain an extremely difficult task. Methods used for 
measuring the food consumption of individuals can be divided into two major 
groups. The first group consists of recalls or records (24-hour dietary recall, 
estimated or weighed food records), which are known as the quantitative daily 
consumption methods. They measure the quantity of the individual foods actually 
consumed over a one-day period or longer. The second group includes dietary history 
and food frequency questionnaires (FFQ). They are based on an individual’s 
perceptions o f usual intake and obtain retrospective information on the patterns of 
food use during a longer, less precisely defined time period. (Gibson 1990, Willett
1998).
Most epidemiologic investigations of dietary intake and disease use relative rankings 
of food and nutrient intakes to determine correlations or relative risks. The FFQ, 
which is a semi-quantitative method, can only be used to rank intakes. However, 
when comparing nutrient intakes with specific dietary recommendations, estimates of 
the absolute energy and macronutrients intakes are required, and diet records or 
recalls are the most suitable method.
A weighed food record method is the most accurate approach available for 
estimating usual food and nutrient intakes of individuals. This type of data is 
essential for diet counselling and when relationships between diet and biological 
parameters are assessed. The main difference between weighed and estimated food 
records is that precision is greater with the weighed method because the portion sizes 
are weighed. However, misreading the weighing scale or recoding errors can still 
occur. There is no consensus regarding the number, spacing and selection of 
recording days required for characterizing either the actual or usual food and nutrient 
intakes of individuals (Gibson 1990).
Completing a diet record is considered a demanding task. General weaknesses of the 
method include a requirement for literacy and a high level of motivation, and its
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likely influence to change eating behaviour. Due to these weaknesses, a poor 
response rate and bias towards more educated subjects can occur (Rockett and 
Colditz 1997). Strengths o f the diet record method include the following: i) it may be 
used to estimate absolute rather than relative intake of energy and nutrients, ii) it 
allows an unlimited level of specificity regarding type of food, its source, processing 
method, preparation and other detail related to foods and amounts, iii) it can be used 
to estimate intakes in culturally diverse populations representing a wide range of 
foods and eating habits, iv) the method does not rely on memory because portion 
sizes are recorded at the time of eating (Willett 1998).
Bingham et al. (1994) assessed the accuracy of various dietary intake methods, 
including 24-hour recall, FFQs and 7-day estimated (also called unstructured) record 
by comparison with 16 days of weighed records completed over one year. Overall, 
the estimated record gave the most accurate estimates of individual nutrient intakes, 
and was therefore considered an acceptable method in large prospective studies 
(Bingham et al. 1994). Since subjective response errors and bias are likely to be 
present in both weighed and estimated record methods, only relative validity, not 
absolute validity, could be measured. No information was gained as to whether the 
method was providing the correct answer; only that both methods provided the same 
answer (Dwyer 1994, Willett 1998).
The design and purpose of the study determine how many days and what days of the 
week, as well as how many recording periods should be included. If the purpose of 
the study is to estimate the distribution of individual intakes within the group, such as 
aiming to determine the proportion o f individuals at risk of inadequate intake of a 
particular nutrient, it is important to collect more than one record per subject. A 
series of food records over time allow more accurate estimation of intake than a 
single food record or an FFQ. Weekend days should be proportionately included for 
each subject, to account for potential day-of-the-week effects on food and nutrient 
intakes. A wide range of number of days in food record keeping can be used. In 
general, the minimum number of days required for gross characterization of usual 
intake of energy and macronutrients ranges from 3 to 10 days, although estimates for 
energy intake have reached up to 30 days. Around 80 days may be required to
44
accurately assess an individuaTs habitual calcium intake, whereas to assess intake for 
groups of individuals less than 10 days were required (Basiotis et al. 1987, Gibson
1990, Willett 1998).
Some specific problems have been highlighted in assessing the dietary intake of 
children and adolescents. These include rapidly changing intakes, especially during 
the pubertal growth spurt that may be more highly associated with physical 
maturation than age. Parents or children may have reported what was served and not 
what was eaten during a meal. Also, unusual patterns such as sports training regimes 
may interfere with regular eating or interrupt recording (Dwyer 1994). Accuracy of 
reporting has been reported to be higher in younger than in older girls, and the 
accuracy has been found to decrease as energy expenditure increases (Bandini et al.
1997).
Previous studies investigating gymnasts and their diet have mainly used 2-4 day food 
records (Benardot et al. 1989, Nichols et al. 1994, Cassell et al. 1996, Dyson et al. 
1997, Bass et al. 1998, Jonnalagadda et al. 1998, Nickols-Richardson et al. 1999, 
Cupisti et al. 2000, Fogelholm et al. 2000, Weimann et al. 2000) or an FFQ 
(Kirchner et al. 1995, Webster and Barr 1995, Courteix et al. 1998) to estimate 
dietary intake. A small number of studies have used 7-day food records (Fogelholm 
et al. 1995, Lindholm et al. 1995a, Nova et al. 2001, Zanker et al. 2003).
The ratio of energy intake to predicted basal metabolic rate (ELBMR) can be used to 
evaluate energy intake data and to recognize levels of energy intake which are 
incompatible with long-term maintenance of energy balance and survival. This 
cannot be calculated for example with an FFQ, since it only includes a limited 
number of foods. Under-reporting is however a common problem with food records 
in all population groups, and it should be considered in study designs. The term 
‘under-reporting’ refers to causality suggesting that food items are omitted 
consciously or unconsciously. Under-eating, as well as over-eating and over­
reporting can also occur contributing to bias. The phenomenon can therefore more 
accurately be termed as ‘providing diet reports of poor validity’ (Goldberg et al.
1991, Black 2000).
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1.8 Dietary intake in gymnasts
Achieving normal growth and development are amongst the main health issues in all 
children and adolescents, including those involved in sports training. Diet plays an 
important role in achieving this target. The main goal of sports nutrition, optimal 
performance, may conflict with the demands of adolescent nutrition, especially if 
energy restriction is imposed to control body weight. Adolescent athletes are still in a 
critical period of maturation and growth, which needs to be considered. The nutrition 
emphasis has also varied between sports, so that anaerobic sports have focused on 
protein intake whereas aerobic or endurance sports have focused on high 
carbohydrate diets (Ziegler et al. 2001). Nutritional requirements in young athletes 
differ from those of adults athletes. The specific age- or maturation related nutritional 
considerations include the young athletes having i) greater need for protein and 
calcium intake to support growth and bone accretion, ii) higher energy cost of 
locomotion i.e. activities that include walking and running, iii) lower losses of 
sodium and chloride in sweat and iv) greater thermoregulatory strain i.e. a more rapid 
rise in core temperature at any given level of dehydration. (Wootton 1988, Bar-Or 
2001).
There are no specific national dietary recommendations for young athletes, and 
general age-related recommendations are followed. Overall, a varied, balanced diet 
with emphasis on intake of complex carbohydrates and moderate amounts of protein 
and fat to support growth and physical activity is recommended. A ratio of 55-60% 
of total energy from carbohydrates, 12-15% from protein and 25-30% from fat has 
been suggested (American Dietetic Association 1996a). Specific dietary factors to 
consider include adequate intakes o f i) fluid to avoid dehydration, ii) iron to avoid 
iron deficiency anaemia, iii) calcium to prevent low bone mass and stress fractures 
and also iv) the use of dietary supplements and ergogenic aids. Although the use of 
supplements may improve the nutritional status of individuals consuming marginal 
quality diets, problems may arise if  healthy eating is replaced by supplementation. 
Currently, there is no sound scientific evidence to support the general use of 
supplements to improve athletic performance in young athletes, although there is a
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lack of research in this area (American Dietetic Association 1996a, American 
Dietetic Association 1996b, Armstrong and Maresh 1996).
Sufficient levels of micronutrients and trace elements are important for athletes at all 
ages (Speich et al. 2001). Their role in cellular metabolism depends on age, gender, 
physiological state and physical activities performed. Certain nutrients, such as Ca, 
Mg, K, Na, and P are generally integrated into anatomic structures (bone elements, 
nucleic acids, membranes, proteins, enzymes) although they are also involved in the 
ionized active form and regarded as essential trace elements. In the active form they 
are of particular importance for metabolic balance in sports and during physical 
exercise such as: i) Na"^  contributes to the maintenance of osmotic pressure, water 
regulation and acid-base balance, ii) the cations N a \ K^, Mg^ "^  and Ca^ "^  are involved 
in the propagation o f nerve impulses and in muscle and heart contraction, iii) Ca^^ 
controls vascular tonicity and coagulation o f the blood, iv) P as ATP results from the 
3*^  ^ step of cell respiration, v) the formation and use of energy-rich bonds require 
Mg^^. It is unclear how concentrations of these minerals translate into physiological 
changes. Also, mineral levels in serum / blood do not usually correlate well with 
body content (Speich et al. 2001).
It has been suggested that nutrition affects adolescent athletes in three specific ways: 
performance, injuries and eating disorders (Loosli and Benson 1990). Gymnastic 
performance is mostly dependent on agility, flexibility, co-ordination, rhythm, timing 
and specific gymnastic skills. Performance can be influenced by appropriate intake 
of carbohydrate and fluid before, during and after an exercise session. The rate of 
muscle glycogen synthesis after exercise is influenced by the timing of carbohydrate 
ingestion, and carbohydrate ingestion late in exercise enhances endurance (quoted by 
Loosli and Benson 1990). Inadequate dietary intake makes gymnasts prone to 
injuries: depletion of fluids causes dehydration, low intakes o f calcium increases risk 
of stress fractures and shin splints, and low iron intakes have been associated with 
amenorrhoea and subsequent problems in achievement of PBM. Athletes, such as 
gymnasts, ballet dancers and runners may have a higher incidence of eating disorders 
than non-athletes, although evidence is not conclusive (Figure 1.6) (Loosli and 
Benson 1990).
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GYMNASTICS & NUTRITION
Anaerobic, aesthetic sport 
=> Risk of disordered / restrained eating habits 
=> Inadequate energy + nutrient intake
I
Sport related 
consequences:
- Lowered performance
- Injuries
Health related consequences:
Short-term: Long-term:
- Dehydration - Delayed puberty & menarche
- Hypoglycaemia - Growth retardation
- Loss of electrolytes - Low peak bone mass
- Malnutrition - Lowered immunity
Figure 1.6 Nutrition in gymnastics
Specific nutritional demands for young gymnasts stem from the nature o f the sport. 
'Gymnasts need to be strong and muscular in order to achieve maximum athletic 
performance, but also thin with low body fat to fulfil the aesthetic requirements of 
the sport. Early studies quoted by Bale and Goodway (1990) from the 1970’s found 
that the fat content of the body was inversely related to the ability to move the 
body weight. Fat provides mass without adding to power, and a low body fat 
percentage is mechanically most efficient. In general, sufficient nutrition is required 
to meet the demands o f growth, maintenance and improvement in musculature.
Although the total training time of gymnastics can be high, up to 30 hours/week, the 
actual time spent in conditioning and training specific skills is considerably less. A 
training session consists of a warm-up routine followed by practise of one of the 
events, which usually has a duration of less than 90 seconds. The major source of 
energy for gymnasts is therefore anaerobic, and relatively little aerobic capacity is 
required. Fat usage as an energy substrate is limited, and gymnastic activity is 
heavily dependent on creatine phosphate and carbohydrate (glucose and glycogen) as 
fuel sources. Young gymnasts may end up controlling their appearance by excess 
training or restricting food intake, although it would be better to optimize body 
composition by concentrating on the strength-to-weight ratio i.e. getting stronger 
rather than lighter. This would benefit both performance and appearance (Benardot 
2000). Deutz et al. (2000) found that a high daily energy deficit was associated with
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a higher body fat percentage, possibly due to an adaptive reduction in the resting 
energy expenditure, and discouraged gymnasts from restrained eating patterns to 
achieve a desired body composition (Deutz et al. 2000).
It has been suggested that dieting may sometimes be part of a training programme, 
thus increasing the risk of developing disordered eating habits such as under-eating 
or anorexia nervosa. Prevalence of disordered eating behaviour in female athletes has 
been reported to be between 15% and 62% (Smith 1996, Toiler et al. 1996). Under­
eating may restrict the supply of important nutrients, potentially resulting in 
malnutrition, dehydration, loss of electrolytes, hypoglycaemia and excessive 
adrenergic stimulation, thus decreasing performance and increasing the risk o f injury. 
Most young gymnasts experience some level of injury during their years of growth 
and development. The risk of injury rises with increasing level and time of training, 
and degree of difficulty of the routines (Bale and Goodway 1990, Caine et al. 2003). 
More serious long-term consequences o f eating disorders include growth retardation, 
delayed puberty and menarche, lowered immunity and PBM below the individual’s 
genetic potential (Bale and Goodway 1990, Loosli and Benson 1990, Smith 1996, 
Barr et al. 2001, Nova et al. 2001).
A number of studies have evaluated the nutrient intake of gymnasts, but these are 
often based on weak dietary assessment methods, low subject numbers, and suffer 
from severe under-reporting and lack of a longitudinal study design. Existing data 
regarding the sufficiency of diet in female gymnasts are conflicting. It has been 
reported that diet in young gymnasts, less than 12 years o f age, is not restricted 
(Benardot et al. 1989, Cassell et al. 1996, Dyson et al. 1997, Nickols-Richardson et 
al. 1999, Fogelholm et al. 2000, Nickols-Richardson et al. 2000, Zanker et al. 2003). 
However, diet in adolescent and young adult gymnasts is likely to be restricted 
especially regarding intakes of energy, calcium and iron (Benardot and Czerwinski 
1991, Nichols et al. 1994, Kirchner et al. 1995, Lindholm et al. 1995a, Robinson et 
al. 1995, Jonnalagadda et al. 1998, Weimann et al. 2000). It has been suggested that 
the difference may result from the level of athletic performance, so that less 
competitive gymnasts (club level) tend to consume a higher proportion of their 
predicted energy requirement than highly competitive (elite level) gymnasts (Deutz
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et al. 2000). It is still very much unclear, whether involvement in a vigorous training 
regime during growth and puberty creates long-term risks in overall health.
Calcium and iron are two important nutrients that appear to be inadequate in the diet 
of gymnasts. It is suggested that low calcium intakes could have detrimental effects 
on bone mass, especially for teenage gymnasts who have not yet reached their PBM. 
Low iron intakes and non-anaemic iron deficiency found in young gymnasts 
(Constantini et al. 2000), combined with energy restriction could contribute to 
chronic fatigue, unsatisfactory growth and compromise health and athletic 
performance (O'Connor et al. 1996a, Jonnalagadda et al. 1998).
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1.9 Assessment of bone health
Bone mass measurement techniques were originally developed to identify people at 
risk of developing osteoporosis before a fracture actually occurs. There are several 
techniques and skeletal sites available for the assessment of bone mass. The sites 
commonly chosen for measurement of BMD are the bones that are composed of a 
high proportion of trabecular bone: vertebral body, proximal femur and distal radius. 
These are the sites where osteoporotic fractures (Figure 1.7) typically occur (Peel and 
Eastell 1993). The diagnostic categories of osteoporosis are shown in Table 1.5.
a w
mm#
Figure 1.7 Scanning electron microscope image of iliac crest bone biopsies.
a) Normal 44-year-old man. b) 47-year-old osteoporotic woman (substantial loss o f bone 
volume with complete eradication o f many trabecular plates). From: Stevenson and Lindsay
998.
Table 1.5 The diagnostic categories of osteoporosis
Normal bone mass
Low bone mass 
(osteopenia)
Osteoporosis
A value for BMC or BMD within one SD o f the young adult 
reference mean for that gender. (There are no absolute standard 
values other than locally derived population means)
A value for BMC or BMD more than one SD below the young adult 
mean but less than 2.5 SD below this value.
A value for BMC or BMD 2.5 SD or more below the young adult 
mean.
Severe osteoporosis BMD or BMC more than 2.5 SD below the young adult mean in the
(established
osteoporosis)
presence o f one or more fragility fractures.
Source: WHO (World Health Organisation 1994)
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Strength, which is the most relevant feature of bone, cannot be directly measured in 
human studies. Instead, mass, density, size and geometry are used to indicate bone 
strength, although these are not identical. Different studies have used different 
techniques to measure bone features, which make comparison of reports difficult 
(Khan et al. 2000).
Bone mass can be expressed as bone BMC (g), which refers to total grams of bone 
mineral as hydroxyapatite within a measured bone region. BMD (g/cm^) refers to 
grams of bone mineral per unit of bone area scanned. BMD is an areal density, and 
volume determinations cannot be made with this technology (Stevenson and Lindsay
1998). BMD explains about 75-90% of the variability in bone strength. The 
remaining variability can be explained by factors such as bone architecture that affect 
the ability to withstand stress (Waud et al. 1992). Both mineral density and content 
are influenced by the size, shape and orientation of the bone, reflecting the age, 
height, and weight of the subject. BMC and BMD provide no information about the 
internal structure o f bone. Bone mineral apparent density (BMAD) (g/cm^) tends to 
minimize the confounding effect of bone size on the results. Apparent density 
estimates the volumetric density of bone and it is equal to the BMC divided by an 
estimate of bone volume that is obtained from the densitometry-derived area and 
other skeletal length measurements (Katzman et al. 1991, Stevenson and Lindsay
1998). QUS techniques have been introduced to complement existing bone density 
measurements and to enhance the fracture prediction abilities. This method provides 
information about structure and elasticity in addition to density of bone (Stevenson 
and Lindsay 1998, Waud et al. 1992).
Dual energy X-ray absorptiometry
DXA considers the body in two compartments, bone and non-bone. X-ray beams in 
two distinct energy levels are used to distinguish the relative composition o f each 
compartment. Low-energy beams are attenuated to a greater extent than high-energy 
beams. Attenuation is greater in the bone than in the soft tissue. The photons exiting 
from the region of interest of the bone are detected and measured by a computer, 
which converts them into values of BMC (in grams). These values are then divided
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by the projected area of the analysed bone and referred to as BMD (in g/cm^). DXA 
assesses bone mineral both at axial (such as hip and spine) and appendicular sites 
(such as arms and legs) as well as the whole body. It has high reproducibility and low 
doses of radiation (around 1-4 pSv; a single DXA examination is equivalent to about 
0.03% of the natural annual dose of radiation compared with a chest X-ray 4% or 
mammogram 25%) (Kalendar 1992, Khan et al. 2001). DXA is considered as the 
“gold standard” in bone density estimation and it is now commonly used to 
determine bone mass in children. However, it does not provide information about 
bone architecture or differentiate between trabecular and cortical bone. This may be 
important since reduced strength of bones is highly related to disorganised bone 
architecture (Mughal et al. 1996).
Other
Single energy X-ray absorptiometry (SXA) and single photon-absorptiometry enable 
measurements only at appendicular sites (such as the forearm). Until the 1990’s SXA 
was widely used for studying children, but is currently obsolete.
Quantitative computed tomography (QCT) is able to differentiate between cortical 
and trabecular bone. It is the only method that provides a three-dimensional image of 
structures and provides true density measurements (g/cm^). The equipment is 
however expensive and the radiation dose relatively high (around 50-400 pSv) 
(Kalendar 1992).
gUS"
QUS is a non-invasive bone measurement technique, which uses non-ionising 
radiation, is portable and relatively cheap. The technique involves transmission of 
sound waves (above the audible frequency) across bone such as calcaneum, ulna, 
patella or tibia. The calcaneum is often chosen because it contains a high proportion 
of trabecular bone (about 95%), a low amount o f surrounding soft tissue and has 
approximately flat and parallel surfaces. Ultrasound measurements: broadband 
ultrasound attenuation (BUA) and velocity of sound (VOS) may provide information
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concerning the structural organization of bone in addition to bone mass or density 
(World Health Organisation 1994).
BUA (dB/MHz) is a measurement of reduction in ultrasound signal amplitude during 
its passage through bone. It is related both to the amount of bone in the path of the 
ultrasound and to the trabecular structure. Scattering (due to bone density and 
structure) acts as a filter that selectively diminishes the frequency component across 
a transmission band, so that the number, spacing and orientation of the scattering 
elements determine the filtering effect of broadband ultrasound attenuation 
(Stevenson and Lindsay 1998).
VOS (m/s) is a function of the mass, density and elastic modulus. The elastic 
modulus is influenced by the spatial configuration o f the trabeculae, biomechanical 
properties of bone and fatigue damage (Stevenson and Lindsay 1998).
Ultrasound technique cannot yet be recommended for monitoring o f skeletal changes 
in routine use or for the diagnosis of osteoporosis. This is due to precision and 
accuracy errors of ultrasound measurements as well as the moderate correlation 
between densitometric and ultrasound measurement. Accuracy and precision of 
ultrasound measurement is decreased for example by anatomically inconsistent 
placement and by variability in bone width, soft tissue thickness and marrow 
composition of the measurement region. Anthropometric factors such as weight, 
height and soft tissue have a significant influence on these measurements. It has been 
suggested that correction for body weight could add to the predictive value of 
ultrasound measurements (Gluer 1997, Department of Health 1998, Tromp et al.
1999).
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1.10 Biochemical markers of bone turnover
Biochemical markers of bone turnover are used clinically as indirect, non-invasive 
indices of skeletal metabolism. Measurements are based on i) bone matrix proteins, 
ii) enzymes synthesised by osteoblasts / osteoclasts and iii) degradation products of 
bone matrix released by the action of osteoclasts. These compounds can be detected 
in various body fluids and act as markers for bone formation and resorption. Markers 
of bone formation reflect osteoblastic activity and markers o f bone resorption reflect 
osteoclastic activity (shown in Table 1.6 and Appendix 1). As each marker represents 
a separate part of bone metabolism, a combination of markers is recommended in 
assessment o f skeletal metabolism. (Schonau and Rauch 1997, de Ridder and 
Delemarre-van de Waal 1998, Delmas et al. 2000).
Table 1.6 Biochemical markers of bone turnover used in children
M arker Abbreviation Body
fluid
Bone formation markers
Total alkaline phosphatase ALP Serum
Bone-specific alkaline phosphatase bone ALP Serum
Osteocalcin (bone Gla-protein) OC Serum
Carboxy-terminal propeptide o f  type I procollagen PICP Serum
Amino-terminal propeptide o f  type I procollagen PINP Serum
Bone resorption markers
Tartrate-resistant acid phosphatase TRACP Serum
Deoxypyridinoline DPD Urine
Pyridinoline PYD Urine
Collagen type I cross-linked C-telopeptide CTX Serum
Collagen type I cross-linked N-telopeptide NTX Urine
Adapted from de Ridder et al. 1998, Seibel 2002.
Nomenclature and abbreviations follow the suggestions made in Delmas et al. 2000.
The markers are routinely used in research, and they can also be used in monitoring 
therapy for osteoporosis. Most research reports have compared different groups of 
healthy adults (e.g. pre- and post-menopausal women), or patients with osteoporosis 
using antiresorptive medication (Gamero et al. 1994, Braga de Castro et al. 1999). 
Information about the use of bone turnover markers in healthy children is still 
limited.
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The predictive value of a single measurement of any marker in an individual is poor 
due to the large biologic intra-person variation of the markers. The biological 
variation of markers in urine is greater than the variation in serum. When spot urine 
samples are used, urinary results are usually normalized for creatinine concentration 
to account for urine dilution. Creatinine excretion however also reflects body muscle 
mass, which may be altered in disease or during therapeutic intervention. Therefore, 
normalization to creatinine is likely to introduce additional analytical and biological 
variability (Schonau and Rauch 1997). Several markers are likely to have circadian 
rhythms and hence variable concentrations over the day. Levels of most markers are 
increased at night, reaching a peak between 0200 and 0800 hours, after which they 
decrease rapidly and reach a nadir between 1300 and 2300 hours (Delmas et al.
2000). The amplitude of the rhythm is considerably greater for the markers of bone 
resorption than bone formation. It has been suggested that each laboratory should 
establish its own standardized time and conditions for blood and urine sample 
collection. (Delmas et al. 2000).
1.10.1 Markers of bone formation
Markers of bone formation are direct or indirect products of active osteoblasts 
expressed during different phases of osteoblast development. The markers reflect 
different aspects o f osteoblast function and bone formation. Bone formation can be 
monitored both on specific proteins or enzyme activities produced by osteoblasts, 
and on production of the N-terminal or C-terminal precursors of collagen type I 
(formation markers commonly used in children are shown in Table 1.6).
Osteocalcin (OC)
Osteocalcin (also called bone Gla protein, BGP) is the major non-collagenous protein 
of bone matrix. It is produced by osteoblasts during the matrix mineralization phase 
under the control of l,25(OH)2D. It is partly incorporated into the bone matrix and 
partly delivered to the circulatory system (Delmas 1995). Other calcified tissues 
including calcified cartilage and dentin also contain osteocalcin, although the most
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abundant supply of osteocalcin is released from bone and is assessed as 1% of the 
organic bone matrix (Delmas et al. 2000).
Bone specific alkaline phosphatase (bone ALP /  BÂLP)
Total alkaline phosphatase (ALP) is an enzyme synthesized by bone, liver, kidney 
and placenta. About 80% of the activity of serum ALP in healthy pubertal children is 
derived from bone. Bone specific alkaline phosphatase (BALP) is the osteoblast 
enzyme, localized to the membrane of osteoblasts and is released into the circulation 
(Delmas 1995, de Ridder and Delemarre-van de Waal 1998).
Carboxy-terminal /amino-terminal propeptide o f  type I  procollagen (PICP, PINP) 
Collagen type I is the most common protein of bone matrix accounting for over 90% 
of the total mass of protein. Collagens are synthesized as a larger protein, type I 
procollagen. After secretion of procollagen in the extracellular space, the N- and C- 
terminal propeptides are cleaved by specific endopeptidases and are released into the 
circulation. Therefore, one molecule of each propeptide is released for each collagen 
molecule excreted. Over recent years marker assays have been developed, and PICP 
has been commercially available since 1990 and is used in many paediatric studies. 
PINP however has not been studied in children in great detail (Schonau and Rauch 
1997, de Ridder and Delemarre-van de Waal 1998).
1.10.2 Markers of bone resorption
The process o f bone resorption includes dissolution of calcium salts and subsequent 
enzymatic breakdown o f the organic matrix, mainly formed of type I collagen. 
Breakdown of collagen fibres results in a mixture of peptides and free amino acids. 
The markers of bone resorption most commonly used are products o f collagen 
degradation (Schonau and Rauch 1997) (resorption markers commonly used in 
children are shown in Table 1.6).
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Pyridinoline (PYD) and deoxypyridinoline (DPD)
PYD and DPD are specific compounds of mature skeletal collagens, mainly from 
type I collagen. Collagen fibrils are connected by intra- and intermolecular cross­
links that are formed by either PYD or DPD, which are released into the circulation 
and excreted in the urine. The formation of the crosslinks depends upon the 
maturation of collagen, a process that is continuous during normal growth and bone 
remodeling. Bone constitutes the major pool of PYD and DPD, although both are 
found in other tissues as well. DPD is found in soft tissue such as aorta and 
ligaments, but as the turnover of collagen in other tissues is very low, urinary DPD 
can be considered to be a specific marker of bone collagen degradation. It is 
generally accepted that the urinary excretion rate of cross-linking residues can be 
used as a sensitive index of mature collagen degradation and it reflects bone 
resorption. Human urine levels of DPD show less variance than PYD levels, and 
DPD is therefore considered a more specific bone resorption marker (Seibel et al. 
1992, Mora et al. 1998, de Ridder and Delemarre-van de Waal 1998).
In healthy children, the excretion of both crosslinks is 10-15 times higher than in 
normal adults, which is likely to reflect increased turnover of the growing skeleton. 
The calculated PYD/DPD ratio of 3.1-4.3 in children is similar to adults. Excretion 
of these compounds follows a diurnal rhythm, and the highest values in adults are 
found in the very early morning hours and lowest values at night. Due to the 
circadian rhythm the sampling time is crucial for the interpretation o f the results, a 
fact which has only been discovered in recent years. Diurnal variation has not been 
studied comprehensively in children (Seibel et al. 1992).
Collagen type I  cross-linked C-telopeptide /  N-telopeptide (CTX, NTX)
Cross-linked N- and C-telopeptides are PYD- and DPD-containing peptides, located 
at the N- and C-intermolecular sites of the collagen fibrils. Although the assay for 
CTX has been shown to produce results which correlate with histomorphometrically 
determined bone resorption, clinical results in various metabolic bone diseases of 
adults have suggested low specificity for bone resorption (Schonau and Rauch 1997, 
Delmas et al. 2000).
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1.10.3 Bone turnover markers during growth
At birth, levels of bone markers are higher than in adults. They then decrease 
between the third month and third year of life, which corresponds to the slowing of 
linear growth. The levels are stabile during childhood, and rise again at the onset of 
puberty (Tanner pubertal stage 2). During pre-pubertal years, markers are similar in 
age-matched boys and girls (and higher than in adults, but lower than in infants) (as 
reviewed by Szulc et al. 2000).
The levels of markers in children are related to pubertal stages, not chronological 
age, partly because of the large variation in the age when pubertal development 
starts. In pubertal girls, the levels of markers reach peak during mid-puberty (stages 2 
and 3) and then decrease markedly in late puberty (stages 4 and 5) (Mora et al.
1999). The increase in bone markers occurs later in boys than in girls. It is also more 
pronounced and lasts longer corresponding to a higher pubertal growth increase and 
a higher bone mineral accrual in boys. After the attainment o f final height, levels of 
markers decrease progressively to the values observed in adults (Szulc et al. 2000).
Interpretation of markers is made difficult since they depend on several factors 
including age, pubertal stage, growth velocity, mineral accrual, hormonal regulation, 
nutritional status, circadian variation, day-to-day variation, method o f expression of 
results of urinary markers, specificity for bone tissue, sensitivity and specificity of 
assays (Szulc et al. 2000). The specificities of the different markers for the 
description of bone formation and resorption vary (Appendix 1). None of the markers 
has 100% specificity, as even DPD, the so-called ‘gold standard’ marker for 
resorption, has been detected in other joint tissues (Schonau and Rauch 1997).
During growth, bone markers reflect all three biological processes of skeletal 
development: growth, remodeling and modeling. Markers are not specific to any of 
these processes, which complicate the assessment and interpretation o f skeletal 
metabolism (Mora et al. 1999). For example, marker levels are the same in a child 
who is undergoing elevated bone remodeling with a low growth rate, as they are in a 
child undergoing normal growth (Schonau and Rauch 1997). However, during the
59
growth spurt, modeling is responsible for most of the bone formation and resorption. 
In the following years, remodeling prevails and modeling activity gradually 
decreases, as longitudinal growth ceases. Therefore, the lower values of all markers 
observed during late puberty could reflect the decrease in bone modeling (Mora et al.
199?X
It is not yet clear whether markers reflect the changes in bone volume, density or 
longitudinal growth that occur during puberty (de Ridder and Delemarre-van de 
Waal 1998, Mora et al. 1999, Jaffre et al. 2001). The levels of bone markers are 
known to correlate better with linear growth than with bone mineral accrual in both 
healthy and growth hormone-deficient children (Marowska et al. 1996, Vihervuori et 
al. 1997, Cadogan et al. 1998). Markers could be useful in clarifying the hormonal 
regulation of the pubertal growth spurt, deceleration and cessation of growth, and the 
consolidation period. Concentrations of circulating and urinary markers are not 
however directly translatable into amounts o f bone gained during growth or lost 
during aging (Szulc et al. 2000).
1.10.4 Bone turnover markers in physically active children
To date, there are only a small number of studies that have investigated the effect of 
physical activity, especially high-impact loading exercise, on bone turnover in 
growing children. In general, due to small subject numbers and cross-sectional nature 
of the existing data, it has not been possible to examine trends over the entire 
pubertal growth period. Also, although it seems that physically active children and 
adolescents have increased bone mass, it is not known whether the increased bone 
accrual resulting from exercise (and beyond normal growth) can be detected by 
markers of bone metabolism.
Studies on metabolism markers and exercise effects in adults have shown that results 
can vary for example according to the type of exercise (aerobic vs. anaerobic) 
(Matsumoto et al. 1997, Woitge et al. 1998a), intensity and duration o f exercise 
(acute vs. long-term effects) (Welsh et al. 1997), and whether subjects are trained or
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untrained individuals (Woitge et al. 1998b). According to a small study in well- 
trained men and women, no association existed between markers and exercise levels 
(Brahm et al. 1996), suggesting that markers may have a role in detecting change, 
rather than predicting absolute levels of bone turnover. In general, results of studies 
examining adult athletes provide controversial data, and no clear conclusion can yet 
be drawn. Interpreting results on bone metabolism markers in exercising children and 
adults differs markedly, mainly due to the large confounding effect of normal 
skeletal growth in children.
Table 1.7 summarizes studies investigating bone metabolism markers in physically 
active children and adolescents. There seem to be a number of studies conducted on 
young gymnasts, but lack of data on other sports. Exercise-intervention studies in 
post-pubertal adolescents demonstrate increased bone formation and reduced bone 
resorption after a period of training (Eliakim et al. 1996, Eliakim et al. 1997). The 
results on trained subjects are controversial, with some studies showing no difference 
in various markers between athletes and controls (Daly et al. 1999, Nickols- 
Richardson et al. 1999, Lehtonen-Veromaa et al. 2000a), whereas others finding 
lower levels of formation markers (Bass et al. 1998) or higher levels of resorption 
markers (Jaffre et al. 2001) in gymnasts. However, varying levels of pubertal 
maturation in subjects both within and between studies complicate drawing 
conclusions from individual studies and make comparison of studies difficult. In 
addition, markers analysed by different laboratories and methods may provide 
differing results and prevent direct comparison of data.
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2 Methodology
The majority of this thesis is based on a mixed-longitudinal cohort design study with 
repeated annual (six-monthly during year one) measurements for three consecutive 
years in a group of young females (Chapters 3-6). A cross-sectional design was used 
for mother-daughter comparison (Chapter 7). The study design is outlined in Table 
2.1. The data collection was undertaken between October and December of each 
year, starting in 1998.
Baseline results on anthropometry, dietary intake and bone mass have previously 
been reported as part of MSc Thesis by the author (JN-L). Due to the longitudinal 
nature of the study, some of the background results have also been reported here, and 
baseline results have been used as the basis to follow-up data when for example 
examining growth and bone mass development.
Ethical approval from the University of Surrey Ethics Committee and also from the 
South West Surrey Local Research Ethics Committee was originally obtained for the 
12-month follow-up on the gymnast-study (Appendix 2). They later approved the 
extension of the follow-up and the inclusion of mothers in the study. Separate written 
consent was obtained from each subject and parent, and later from the mothers for 
their own participation (Appendix 3). These were done prior to bone scan, due to the 
low-dose radiation being used and to ensure the subjects were not pregnant. A 
general parent and subject information sheet was given to all subjects (Appendix 4).
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Table 2.1 Study design
Time-point M easurements Subjects (n)
BASELINE
Oct-98
Anthropometry 
Diet record (7-day)
Bone (DXA, Ultrasound) 
Blood, Urine
G 45, C 52
6 M ONTHS
Apr-99
Anthropometry 
Diet record (3-day) 
Bone (Ultrasound) 
Blood, Urine
G 39, C 52
(Drop-out: G 13%, C 0%)
9 M ONTHS
Jul-99
Diet record (3-day)
12 M ONTHS
Oct-99
Anthropometry 
Diet record (3-day)
Bone (DXA, Ultrasound) 
Blood, Urine
G 39, C 49
(Drop-out: G 13%, C 6%)
24 M ONTHS
Oct-00
Anthropometry 
Diet record (3-day)
Bone (DXA, Ultrasound) 
Blood, Urine
G 28, C 34
(Drop-out: G 38%, C 35%)
Mothers: Anthropometry
Diet record (3-day)
Bone (DXA, Ultrasound) 
Blood
27 G-mothers (27 mother-daughter pairs) 
26 C-mothers (33 mother-daughter pairs)
36 M ONTHS
Oct-01
Anthropometry 
Diet record (3-day) 
Bone (Ultrasound)
(3:23,(: 33
(Drop-out: G 49%, C 37%)
48 M ONTHS
Oct-02
Questionnaire G 23, C 42
(Drop-out: G 49%, C 19%)
G, gymnast; C, control
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2.1 Subjects
2.1.1 Longitudinal study on girls
At baseline, 45 young competitive artistie gymnasts, aged 8-17 years old, were 
recruited for this study. Gymnasts were eligible for the study if  they trained for a 
minimum of 10 hours a week, had been training at this level for more than a year and 
regularly took part in competitions (at baseline mainly at club or regional level, by 
the end of the study up to international level). They were seleeted from five top 
Gymnastie Clubs in the South of England after contact with the Head Coach of the 
Club and a meeting with the parents. The Clubs were as follows:
- Dynamo School of Gymnastics in Southampton, Hampshire {n 16)
- Heathrow Gymnastic Club in Middlesex {n 7)
- Leatherhead & Dorking Gymnastics Club in Surrey {n 7)
- Pinewood Gymnastie Club in Berkshire {n 7)
- Woking Gymnastic Club in Surrey {n 8)
At baseline, 52 healthy normally active / sedentary controls, who were not suffering 
from conditions likely to affect bone health, were randomly recruited through the 
database of local GPs in Surrey. Each GP contacted potential subjects by letter and 
those who were interested in participating in the study were followed up with an 
information letter and a telephone call by the researchers (Appendix 5). The controls 
included 10 families with siblings: eight families with two daughters and two 
families with three daughters. Subject numbers and drop-out percentages at each 
measurement occasion are presented in Table 2.1.
Controls were involved in normal aetivities (ineluding walking to school, PE-classes) 
on average 5.6 ± 2.6 hours/week (determined by a checklist), but not in sports 
requiring all year training at competition level. Two of the controls were competitive 
swimmers, but as this sport is not a weight-bearing activity and is known not to 
benefit bone health compared with non-active children, they are included in the 
analysis. Number of controls in the follow-up measurements and drop-out
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percentages are presented in Table 2.1. All subjects were Caucasian, except for one 
gymnast and two controls, who each had one parent from an Asian background.
2.1.2 Cross-sectional study on mothers
Prior to the 24-month follow-up data collection, all the mothers of the gymnasts and 
controls were approached by letter and invited to take part in the study, consisting of 
measurements similar to those performed on their daughters. In total, 53 mothers 
volunteered for the study: 27 mothers of the gymnasts (G-mothers) and 26 mothers 
of the controls (C-mothers), resulting in 27 mother : daughter pairs amongst 
gymnasts and 33 pairs amongst controls. The exclusion criteria for the mothers were 
current pregnancy or breast-feeding, as these alter bone metabolism and hence 
skeletal mass. One G-mother was excluded due to breast-feeding.
2.2 Anthropometry
Chronological age was calculated as the time (years) between date of birth and date 
of each annual DXA bone scan. All anthropometric measurements over the course of 
the study were taken by one investigator (the author) to minimise the inter-observer 
variation.
Height was measured using a sonic height gauge (Weighcare, The Advanced 
Weighing Company, Newhaven, East Sussex). Subjeets were instructed to stand 
erect, with heels together and look ahead. Measurements to the nearest 1.0 em were 
taken. Two readings were taken, and if they appeared the same, this result was 
recorded, but if  different, a third reading was taken. Sitting height was measured as 
the height of a subject’s upper body while sitting on a chair (from the top of head to 
the chair) using a standard tape measure. Leg length was calculated from this value 
using the following equation: standing height - sitting height = leg length.
Weight was measured without shoes and in minimal clothing, using a calibrated 
portable seale. Measurements were recorded to the nearest 0.2 kg and one reading
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was taken. Body mass index (BMI) was calculated as weightkg/heightm^. Body fat 
percentage and fat-free soft tissue (FFST) mass was obtained from the total body 
bone sean by DXA.
Height of each parent was initially obtained using a questionnaire. These were used 
to caleulate estimated final height (mid-parental height) using the traditional formula 
for girls: [(mother’s height (cm) + 13 cm) + father’s height (cm)]/2 (Tanner 1989), 
where 13 cm represents the average height difference between sexes (the difference 
between the 50^' centiles for adult men and women) (Tanner et al. 1970). Adding 8.5 
cm above and below the mid-parent height will approximate the target height range 
of the 3*^  ^to 97^ centile for the anticipated adult height for that child adjusted for her 
mid-parental stature (genetic potential) (Rogol et al. 2000).
2.3 Medical history and lifestyle questionnaire
A series of questionnaires were completed by/for all subjects (Appendix 6). The 
interview-led medical questionnaire with the girls included questions about 
medication, menarche (age at first period), menstrual history, current menstrual 
status, family history o f osteoporosis, dietary supplements, smoking habits, alcohol 
consumption and past / current injuries. Further questionnaires completed by subjeets 
at home provided information about birth weight, mother’s age at menarche and 
family’s socio-economic status. Relevant questions on issues such as menstrual 
status, injuries / fractures and lifestyle habits were repeated at each stage of data 
colleetion.
A home-questionnaire for the mothers included questions on present and past 
physical activity, state of menopause (pre-, peri- or post-menopausal), pregnaneies, 
breast-feeding, medication, use of supplements, lifestyle habits and fractures.
2.4 Maturity assessment
The range of variability between individuals o f the same chronological age (CA) in 
somatic and biological maturity is large and accentuated around the adolescent
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growth spurt. Maturity assessment is an important consideration when investigating 
this age period. Two separate methods were used: 1) self-assessment by the method 
described by Tanner (Marshall and Tanner 1969) and 2) estimation of age from peak 
height velocity (PHV) (Mirwald et al. 2002).
2.4.1 Self-assessment of sexual maturation
Pubertal status was assessed at each measurement occasion, using self-assessment of 
secondary sexual characteristics. Staging of secondary sex characteristics according 
to James M. Tanner (Tanner 1962) has provided a means of assessing sexual 
development, but requires the individual to undress and then be physically examined. 
It is very difficult to collect such personal data in non-medical settings. Self- 
assessment of the level of sexual maturation by adolescents has been found to be 
both valid and reliable, and in excellent agreement with physical examination 
(Morris and Udry 1980) enabling aecurate assessment of an individual’s own 
developmental stage according to standard photographs by Tanner (Marshall and 
Tanner 1969). In the present study, the use of adolescent self-staging was deemed 
most appropriate.
A “Physical Development Assessment Form” was given to every subject/parent 
along with an explanatory letter (Appendix 7). The form contained photographs of 
the stages of development of secondary sex characteristics during puberty, consisting 
of the five stages of breast development (side and frontal) and five stages of pubic 
hair development. Subjects were instructed to select those pictures, which most 
accurately reflected their own stage o f development. This method enabled subjeets to 
complete the assessment in the privacy o f their own home, with the ehoice of 
parental guidance. Self-assessment was repeated at each stage of data-collection. 
Subjects were then assigned to pubertal groups: pre-pubertal (stage 1), peri-pubertal 
(stages 2-4) and post-pubertal (stage 5 / post-menarche).
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2.4.2 Assessment of maturity from estimated PHV
A common assessment technique of somatic maturity (biological age) in longitudinal 
studies is the determination of the age at PHV (Malina R.M. 1978). PHV is an 
indicator of somatic maturity and reflects the maximum growth rate in stature during 
adolescence. In girls, PHV occurs at around 12 years (range 9.5-14.5 years), whereas 
in boys at around 14 years (10.5-17.5 years) (Tanner 1989). Due to the limited 
number of repeated measurements and a wide range of ages in our study, true PHV 
could not be detected from all subjects (as not all subjects went through PHV during 
the follow-up). A prediction of maturity, years from PHV (Mirwald et al. 2002), was 
applied instead. This was performed with assistance from B. Mirwald and A. Baxter- 
Jones (University o f Saskatchewan, Canada), the scientists who developed the 
method.
A gender specific multiple regression equation that included four anthropometric 
variables (height, sitting height, leg length, weight), CA and their interactions, was 
applied to all girls. The equation applied was as follows:
Predicted years from PHV (for girls) =
-9.376 +
(0.0001882 * leg length and sitting height interaetion) +
(0.0022 * age and leg length interaction) +
(0.005841 * age and sitting height interaction) +
(-0.002658 * age and weight interaetion) +
(0.07693 * weight by height ratio)
The predicted years from PHV was combined with the CA at time of measurement to 
provide a predicted age of PHV. Each subject had a CA and a biological age 
associated with each test occasion (baseline, 12, 24 and 36 months).
The equation provides a non-invasive and practical method to assess maturity status 
during adolescenee. The use of the different anthropometric measurements along 
with chronological age takes into consideration the differential timing o f the 
adolescent growth spurt in body dimensions, and also their interaction with age. The 
accuracy analysis o f the equation indieates that age at PHV can be estimated within
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an error of ±1 year 95% of the time and categorical (such as values rounded to full 
year) use of the value was recommended. Therefore, biological age groups were 
construeted using one-year intervals such that the group ‘-1’ included observations 
between -1.49 and -0.50 years from PHV (Mirwald et al. 2002).
The equation has been developed in healthy normally-aetive children and 
adolescents, and when applied to young athletes, whose timing and tempo of growth 
may differ from normal, caution is required. Validation of the maturity assessment 
method was therefore performed comparing the method applied in this thesis by 
Mirwald et al. (2003) against another method based on percentage adult height 
(Khamis and Roche 1994). The latter predicts individual’s adult height from an 
equation including regression coefficients for stature, weight and mid-parent stature. 
PHV is expected to occur when actual height is 92.2% of adult height (Tanner 1989). 
Using both methods, each individual was categorized at each measurement oceasion 
as being either pre- or post-PHV. The agreement between the two methods, as shown 
in Table 2.2, was between 95 and 100%, which was considered excellent.
Table 2.2 Percentage agreement between two maturity prediction methods
Method by Mirwald et al. 2002 
Pre-PHV Post-PHV Total
Gymnasts Pre-PHV 89 (99%) 1(1%) 90
Method by 
Khamis &
Post-PHV 3(5%) 56 (95%) 59
Controls
Roche 1994 Pre-PHV 91 (96%) 4(4%) 95
Post-PHV 0(0%) 119 (100%) 119
PHV, peak height velocity
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2.5 Dietary intake
Dietary intake was assessed using estimated food records (or diary) of which an 
example is shown in Appendix 8. The validity of the method was tested on adults 
and results are presented in Chapter 4.1. For the main longitudinal study on gymnasts 
and controls (Chapter 4.2), food records were asked to be completed for seven 
consecutive days at baseline, and three consecutive days (ineluding two weekdays 
and one weekend day) at regular intervals (at 6, 9, 12, 24 and 36 months). This 
provided data for a total of 22 days, although not all subjects always returned their 
food records. The mothers completed a single 3-day reeord (Chapter 7).
Subjects were advised to continue their habitual diet and not to change usual dietary 
habits during recording. Gymnasts were asked to complete diaries during a non­
competition week (as some gymnasts may diet prior to a competition), eontrols 
during a normal school week (except at 9 months which was during school summer 
holidays) and mothers during a normal working week. During the baseline recording, 
the subjects were telephoned by the researchers mid-week to encourage compliance 
and to provide advice if  needed.
Portion sizes using household measures were requested as well as wrappers and 
packets of any foods consumed to increase accuracy in the analysis. When portion 
sizes were not given, standard portions were used (MAFF 1993) allowing for the 
difference in portions between a child and adult. When food items could not be 
accurately identified from the food tables, a similar product was chosen. The food 
diaries were analysed by the author (JN-L) with assistance from University of Surrey 
final year under-graduate Nutrition and Dieteties students. Diet5 for Windows 
computer package (Robert Gordon University, Aberdeen), which is based on 
McCance and Widdowson Food Composition Tables (Holland et al. 1992), was used 
to analyse dietary data.
Dietary supplements taken regularly (on 7 days/week) by gymnasts and controls 
were included in the analysis. Supplements most commonly used included: 
multivitamin and mineral preparations with / without added iron and/or calcium, cod
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liver oil capsules and vitamin C tables. At each stage, higher percentage of gymnasts 
than controls was using supplements (at baseline: 33% of gymnasts and 21% of 
controls; at 6 months (m): 10% and 4%; at 12m: 36% and 12%; at 24m: 29% and 
18%; at 36m: 26% and 6%, respectively).
The compliance for the girls returning their food records varied throughout the study, 
decreasing towards the end of the follow-up. At baseline, 37 gymnasts and 50 
controls returned their diaries. The numbers for gymnasts and controls thereafter 
were 31 and 50 at 6m; 24 and 48 at 9m; 27 and 44 at 12m; 18 and 32 at 24m; 7 and 
23 at 36m, respectively. From 24m onwards, due to their unpopularity, the diet 
records were optional to subjects. Our aim however was to keep as many girls as 
possible in the study, especially for the anthropometric and bone mass 
measurements. A small number of diaries were unsatisfactorily completed and 
therefore not analysed. Of the mothers, 17 mothers of the gymnasts (63%) and 24 
mothers of the controls (92%) returned their diaries.
Energy intake to estimated basal metabolic ratio (EEBMR) was calculated to 
establish the extent of under-reporting of food consumption. BMR is the energy 
expenditure of an individual, lying at rest, in a thermoneutral environment and fasted 
state. BMR can be measured or predicted from standard equations using body 
weight. In this study, BMR (kcal/day) was caleulated using the equation for 10-17 
year old adolescent females: 12.2 * weight (kg) + 746. The following equations were 
used for adults: females age 18-29 years: 14.7 * weight (kg) + 496, females age 30- 
59 years: 8.7 * weight (kg) + 829, males age 30-59 years: 11.6 * weight (kg) + 879 
(James and Schofield 1990). Cut-off points of EEBMR can be used to identify under­
reporters based on a principle that an individual of a given sex, age and body weight 
has a minimum energy intake below which is considered to be an unaeceptable 
representation of habitual intake, and incompatible with long term survival 
(Goldberg et al. 1991).
73
2.6 Physical activity assessment
A physical activity diary was completed by the gymnasts and controls for seven days 
at baseline and three days thereafter simultaneously with the food records. An 
example of the record and its analysis are shown in Appendix 9. The diary is based 
on a Government developed questionnaire and it has been used in a recent survey on 
British schoolchildren (Gregory et al. 2000). Written and verbal instructions on 
completing the diary were given. The diary included a list o f aetivities for each day 
and subjects marked the time (hours, minutes) spent doing any activity. Information 
was also gained on time spent at school or work, and times of going to bed and 
waking up. To analyse the diaries, MET (multiples of energy expenditure)-values 
were assigned to each physical activity (Ainsworth et al. 1993). Each activity was 
then categorised as for example light, moderate or vigorous using the assigned MET- 
values. From these, a Blair score (Blair et al. 1985) was calculated. Blair score gives 
an indication o f the person’s level of physical activity: <33 = very inactive, 33 to <37 
= inactive, 37 to <40 = moderately active, >40 = active.
A checklist of physical activity was also completed at the interview. This was 
adapted from the ‘Self-Administered Physical Activity Checklist’, which has been 
shown to be a valid method of assessing children’s physical activity (Sallis et al. 
1996). The checklist was used to calculate the minutes spent performing any physical 
activity (minutes/week) during a normal week. This method takes into consideration 
the time involved but not the level of activity. The checklist served to support the 
information provided on hours of training in gymnasts. It was also used to ensure that 
the controls were not participating in regular, intense weight-bearing aetivity to the 
same degree as the gymnasts.
Past and present physical activity levels in the mothers were examined using a 
questionnaire (Appendix 10).
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2.7 Bone densitometry, ultrasound and body composition
Bone mineral content (BMC, g) and density (BMD, g/cm^) of the lumbar spine (LS, 
lumbar vertebrae 2-4) and total body (TB) including arms and legs, and the hip 
(ineluding femoral neck (FN), trochanter (TR) and Ward’s triangle) for mothers, 
were assessed by dual energy x-ray absorptiometry (DXA, Lunar DPX) at the 
Osteoporosis Centre at Southampton General Hospital. Paediatric software (version 
4.x) was used for the children and adult software (version 4.bd) for the mothers. Fat- 
free soft tissue (FFST) and percentage body fat were obtained from the whole body 
scan. To account for differences in bone size, bone mineral apparent density 
(BMAD) of LS was caleulated (Katzman et al. 1991). Precision (CV, coefficient of 
variation) values on the DXA were 1.4% for LS and 2.1% for FN (Petley et al. 
2000). Whole year BMC accrual (BMC velocity, g/year) was calculated for each 
subject by dividing the difference between the annual distance measurements by the 
age increment.
Quantitative Ultrasound (QUS) measurements of ultrasound velocity (VOS, m/s) and 
broadband ultrasound attenuation (BUA, dB/MHz) were undertaken at the calcaneus 
using a Contact Ultrasound Bone Analyzer (CUBA, McCue Ultrasonies Ltd, 
Winchester, UK). Paediatric software was used for children and adult software for 
mothers. Two consecutive measurements were taken at each foot (only left foot on 
mothers) and the mean was calculated. No significant differences between the results 
of right and left foot were found, and all presented results are from left foot. All the 
measurements were taken by one investigator to ensure minimal variation. The CV 
for BUA using a heel-model (phantom), measured regularly over a period of one 
month was 5.9%. The short-term precision of measurements in children (three 
repeated measurements on five individuals) varied between 1.2% and 5.4%, long­
term (repeated measurements on same subjects three weeks later) between 1.8% and 
7.6%.
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2.8 Blood and urine collection
The blood and urine samples were colleeted at baseline, 6, 12 and 24 months. The 
blood samples were taken by a qualified nurse. At each time point, a number of 
subjects were not willing to provide a sample, or the nurse was unable to draw blood 
due to small veins. Blood was collected in separate vacutaners for samples of serum 
(unhaemolysed) and plasma (lithium heparin). These were centrifuged and 1 ml 
aliquots (6-9 tubes) were kept. All samples were then stored at -80°C in the Nutrition 
Research Laboratory at the University o f Surrey.
Subjects were asked to collect their urine samples into a 20 ml tube at home during 
the weekend prior to study day. Samples from the first and second morning void 
were requested, and stored in the home freezer in a plastic bag and a brown envelope 
until the study day. Samples were then stored at -80°C in the Nutrition Research 
Laboratory.
2.9 Statistical analysis
Statistical analysis was performed using SPSS for Windows, version 11 (SPSS, Inc., 
Chicago, IL, USA). Data are expressed as mean ± standard deviation (SD) unless 
otherwise stated. The level of skewness and kurtosis were examined and a normality 
test (Kolmogorov-Smirnov) performed to check if the data were normally 
distributed. Parametric or non-parametric tests where then used accordingly.
Comparisons of anthropometric, dietary intake and other data between gymnasts and 
controls (and between the mother groups) were performed using student t-tests or 
Mann-Whitney test (for variables that were not eontinuous such as pubertal stages I- 
V). Adjusted mean differences between groups were assessed by analysis of 
covarianee (ANCOVA). Details of specific statistical analysis performed within each 
set of results are included in the Chapters.
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Chapter
Anthropometry and other 
descriptive data
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3 Anthropometry and other descriptive data
3.1 Introduction and aims
Growth and maturation are an essential part of the health entity in young individuals 
and an integral part of research on nutrition, exercise and skeletal health. Plenty of 
knowledge has been gathered on development of young female gymnasts over the 
last 30-40 years; perhaps due to the public interest in the sport along with over­
whelming international success by the Eastern block athletes in the 1970’s. Data 
have however, in many cases, been based on cross-sectional and short-term follow- 
up studies. There is a eonsiderable lack of long-term longitudinal investigations 
which accurately examine various health issues related to the growth and pubertal 
development of female gymnasts involved in vigorous training from pre-pubertal to 
post-pubertal years.
This Chapter investigates the effects of gymnastic training on statural growth and 
pubertal maturation in a group of competitive gymnasts and healthy sedentary 
controls based on a short-term (up to four years) longitudinal investigation. The aims 
were to:
1. Examine whether gymnastic training results in stunting of growth and lack or 
delay in growth spurt by comparing longitudinal growth curves between 
gymnasts and controls.
2. Examine whether gymnastic training affects timing and tempo of pubertal 
maturation by assessing breast and pubie hair development, age at menarche 
and PHV.
3. Investigate the effects of gymnastic training on body composition by 
comparing the development curves of lean mass and fat mass between 
gymnasts and eontrols.
4. Assess the heredity influence on growth and maturation of gymnasts and 
controls by comparing the family background for height and age at menarche.
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3.2 Methods
The methodology for data collection and data analyses are explained in detail in 
Chapter 2.
3.3 Results
3.3.1 Anthropometric data -  cross-sectional presentation
Table 3.1 and Table 3.2 present data on various anthropométrie variables separately 
for pre-pubertal and peri/post-pubertal groups at baseline, 12, 24 and 36 months. The 
groups were divided according to pubertal stage at baseline (pre-pubertal = breast 
stage 1, peri/post-pubertal = breast stage >1), but due to different timing in the 
maturation progress during the follow-up, all subjects in the younger groups did not 
remain pre-pubertal. Data on height, weight, sitting height and leg length are also 
shown in Figure 3.1. These data show that at each measurement occasion, the 
gymnasts were significantly shorter and lighter (except for older gymnasts at 24 and 
36 months). Gymnasts also had significantly smaller sitting height and leg length at 
most measurement occasions.
The mean values for body fat ranged from 5.9% to 8.7% in gymnasts, whereas in 
controls the range was from 13.7% to 21.4%. The difference between gymnasts and 
controls was significant (p<0.01) at each occasion. In the pre-pubertal group, 
gymnasts had significantly less fat free soft tissue (lean mass), whereas in the 
peri/post-pubertal group no significant difference was detected.
Physical activity levels for gymnasts and controls at each measurement oceasion are 
shown in Table 3.3. These results show that the gymnasts spent significantly more 
time throughout the study involved in any physical activities, including gymnastic 
training, than controls. The mean training hours varied between 18.0-19.2 
hours/week in pre-pubertal and 19.6-21.6 hours/week in peri/post-pubertal gymnasts. 
At baseline, the gymnasts in the two groups had trained on average 5.2 and 8.3 years, 
and at the end of the study on average 8.3 and 11.8 years.
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3.3.2 Anthropometric data -  longitudinal presentation
Table 3.4 to Table 3.7 show the anthropometric results with data arranged 
longitudinally. Data are presented separately in 11 chronological age-eategories (8 to 
18 years) and 10 biological age-eategories (-4 to +5 years from PHV). The latter 
organisation of data takes into account the different timing in maturation process, 
which is important since the gymnasts are known to mature later than non-gymnasts.
The same data are demonstrated graphically for height and weight (Figure 3.2 and 
Figure 3.3) for sitting height and leg length (Figure 3.4 and Figure 3.5) and for lean 
mass and fat mass (Figure 3.6 and Figure 3.7). The differences in body size shown 
previously in cross-sectional results remained significant throughout puberty. This 
was still evident when later maturation of gymnasts was taken into account, although 
the development curves came closer as biological age-curves were compared with 
chronological age-eurves.
The two sections of body composition, lean mass and fat mass varied considerably. 
The differences in lean mass (higher in controls) disappeared when data were aligned 
by maturity (Figure 3.6). Instead, the large differences in fat mass remained, and 
increase over time was greater in controls (Figure 3.7).
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Table 3.4 Anthropometric data (height, weight) by chronological age-eategories -
longitudinal presentation
Chronological age-eategories (years) 
10 11 12 13 14 15 16 17 18
n
GYM 7
CON 3
Height fcml
GYM 1213 j
SD 4.6
CON 126.7 ]
SD 8.1
p-value ns
Sitting height fern)
GYM 64.4
SD 2.4
CON 66.7
SD 4.9
p-value ns
Leg length tern)
GYM 58.9
SD 3.2
CON 60.0
SD 4.4
p-value ns
Weight fkg)
GYM 23.4
SD 1.8
CON 28.7
SD 6.2
p-value ns
18
20
3.9
21
27
4.2
25
32
5.8
28
38
7.3
26
33
6.8
17
30
6.2
16
19
4.0
10
9
4.4 4.3 2.8
133.7 139.9 145.1 153.8 160.2 164.0 165.5 166.2 166.2 167.7
5.5
**
65.5
2.2
70.0
2.8
**
61.0
2.9
63.8
3.6
*
24.8
1.5
32.4
5.6
4.9
**
67.0
2.6
72.9
2.8
**
63.0
2.4
6&9
3.4
26.2
2.1
36.6
7.5
**
6.3
**
69.0
2.9
74.4
3.6
**
66.0
3.6
70.7
3.4
**
29.4
4.5
392
7.3
**
6.6
**
71.5
3.9
78.9
4.2
**
68.6
4.2
74.7
3.5
**
31.6
5.1
45.8
9.1
6.2
**
74.5
4.2
81.4
4.7
**
71.5
3.3
78.9
3.4
**
39.5
6.4
49.8
9.1
**
4.9
75.7 
4.2
84.4
3.7
**
73.5 
3.9
79.6
3.6
**
41.2
7.3
56.1
8.9
6.2
**
77.1
2.6
85.5
4.4
**
73.4
3.1
80.1 
3.5
418
5.8
55.7
7.3
5.7
**
78.0
1.4
86.4
4.0
**
75.2
3.5
79.7
2.7 
*
46.3
5.3
56.6
7.3
*
7.3
*
79.3
1.3
863
4.9
79.0
2.2
718
3.2
ns
48.6
4.2
54.9
5.4
ns
11.5
ns
78.0 
0.0
86.0 
7.8 
ns
77.0
2.8
81.7
3.8
ns
53.2
7.6
55.7
11.1
ns
p<0.05, ** p<0.001 (t-test). Total n: GYM 175, CON 220.
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Table 3.5 Anthropometric data (height, weight) by biological age-eategories
longitudinal presentation
-4 -3
Biological age-categories (years from PHV) 
- 2 - 1 0 1 2 3
GYM 15 24 27 26 27 27 13 10 2 -
CON 3 14 30 32 36 35 39 16 9 5
Height (cm)
GYM 125.1 128.5 133.3 139.1 146.1 150.9 153.5 155.7 156.5 -
SD 3.2 3.2 3.0 4.5 4.4 4.3 4.6 4.0 4.9
CON 124.0 131.9 138.3 144.1 152.4 159.7 164.4 167.4 166.4 168.4
SD 5.3 4.7 3.6 3.5 4.5 3.8 4.4 5.7 5.4 7.1
p-value ns * ** ** ** ** ** ** - -
Sitting height (cm)
GYM 613 66.0 682 70.8 74.0 77.8 78.0 782 79.5 -
SD 1.8 2.2 1.9 3.0 2.7 2.5 1.5 1.0 2.1
CON 64.7 69.4 71.7 74.2 77.8 81.5 84.3 87.3 86.4 8&4
SD 3.2 2.7 2.3 2.3 2.6 3.5 3.3 4.0 4.0 4.3
p-value ns ** ** ** ** ** ** ** - -
Leg length (cm)
GYM 59.8 6Z5 65.0 68.4 72.0 73.3 75.2 77.0 77.0 -
SD 2.7 2.1 2.1 2.6 3.6 3.5 3.9 3.2 2.8
CON 59.3 622 66.5 70.0 74.5 78.4 79.9 80.4 79.9 80.0
SD 2.1 3.2 2.8 2.8 3.3 2.8 3.5 3.4 2.7 3.5
p-value ns ns * * * ** ** * - -
Weight (kg)
GYM 242 25.4 28.0 32.7 37.8 42.7 46.5 50.3 50.2 -
SD 1.1 1.7 2.0 3.4 4.5 4.7 5.1 4.5 3.3
CON 26.3 31.4 34.5 392 44.1 48.8 56.7 57.2 56.9 59.5
SD 4.2 4.7 6.2 6.7 7.8 6.4 8.0 8.0 5.8 8.1
p-value ns ** ** ** ** ** ** * - -
p<0.05, ** p<0.001 (t-test). Total n: GYM 171, CON 219.
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Table 3.6 Anthropométrie data (lean and fat mass) by chronological age-categories
longitudinal presentation
8 9 10
Chronological age-categories (years) 
11 12 13 14 15 16 17
n
GYM 5 13 15 18 15 15 9 9 6 4
totaln 
109
CON 3 12 20 21 20 22 17 11 6 3 135
Lean mass (kg) 
GYM 20.8 21.9 23.7 26.4 29.8 34.5 35.9 37.5 382 4Z9
SD 1.9 1.7 1.8 4.2 4.9 6.1 4.5 4.9 3.7 2.7
CON 21.4 24.7 27.1 29.4 332 38.1 40.7 41.6 41.8 43.2
SD 3.2 1.8 3.5 3.2 5.1 4.3 3.2 4.4 6.4 92
p-value - * * * ns * * ns ns -
Fat mass (kg) 
GYM 1.4 1.8 1.9 2.1 2.5 3.5 4.0 3.7 3.5 4.3
SD 0.5 0.7 0.8 1.5 1.1 2.1 1.9 1.9 2.0 1.5
CON 6.2 6.5 8.3 9.3 8.4 10.1 13.0 12.9 9.6 82
SD 4.5 3.8 5.1 5.5 5.2 5.6 6.8 7.6 3.3 22
p-value - * ** ** ** ** ** * * -
p<0.05, ** p<0.001 (t-test)
Table 3.7 Anthropometric data (lean and fat mass) by biological age-categories 
longitudinal presentation
Biological age-categories (years from PHV) 
- 4 - 3 - 2 - 1 0 1 2 3 4
n totaln
GYM 9 17 20 15 15 14 10 6 - 106
CON 2 9 22 20 22 20 23 11 5 134
Lean mass (kg)
GYM 21.3 2Z6 24.8 2&9 33.5 36/2 39.7 42.1 -
SD 0.8 1.8 1.7 3.7 3.9 3.9 3.7 3.1
CON 20.8 2L9 25.8 29.3 322 37.8 40.6 43.0 43.6
SD 3.6 1.8 2.3 3.1 3.4 2.4 2.4 4.2 6.4
p-value - ns ns ns ns ns ns ns -
Fat mass (kg)
GYM 1.6 1.7 1.9 2.6 2.8 3.7 3.6 5.1 -
SD 0.7 0.7 0.7 1.5 1.3 2.1 1.8 1.7
CON 2.8 6.9 7.5 9.0 8.8 9.5 12.6 12.7 12.4
SD 0.2 4.2 4.6 5.2 5.0 5.8 6.2 7.3 5.4
p-value - * ** ** ** ** ** * -
p<0.05, ** p<0.001 (t-test)
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Figure 3.2 Anthropometric development of gymnasts and controls: mean height (±SD) by 
(A) chronological age and (B) biological age categories. * p<0.05 (t-test)
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Figure 3.3 Anthropometric development of gymnasts and controls: mean weight (±SD) by 
(A) chronological age and (B) biological age categories. * p<0.05 (t-test)
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Figure 3.4 Anthropometric development of gymnasts and controls; mean sitting height 
(±SD) by (A) chronological age and (B) biological age categories. * p<0.05 (t-test)
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Figure 3.5 Anthropometric development of gymnasts and controls: mean leg length 
(±SD) by (A) chronological age and (B) biological age categories. * p<0.05 (t-test)
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Figure 3.6 Anthropometric development of gymnasts and controls: mean lean mass 
(±SD) by (A) chronological age and (B) biological age categories. * p<0.05 (t-test)
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Figure 3.7 Anthropometric development of gymnasts and controls: mean fat mass (±SD) by 
(A) chronological age and (B) biological age categories. * p<0.05 (t-test)
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3.3.3 Height velocity
Data on height velocity (cm/year) (mean, SD) across puberty aligned by 
chronological age and biological age are shown in Table 3.8 and Table 3.9 and in 
Figure 3.8. Table 3.8 indicates that in gymnasts, the growth spurt started later but 
continued until a later age than in controls. Table 3.9 (in which data are arranged 
according to height velocity) shows that both groups achieved their PHV at category 
0. Interestingly, there was a significant difference in timing of PHV between 
gymnasts and controls (12.9 vs. 11.9 years; p<0.001, respectively) but no difference 
in the magnitude (6.6 vs. 7.0 cm/year, respectively) (Figure 3.8C).
3.3.4 Pubertal maturation
The sequence of events of pubertal maturation, including breast and pubie hair 
development, menarche and growth spurt are shown in Figure 3.9. All the events 
occurred chronologically later in gymnasts than in controls. The mean age for 
gymnasts at breast stage 2 was 12.5 years (range 9.6-15.6 years) compared with 11.1 
years (range 8.4-12.7 years) in controls (all subjects at each measurement occasion 
included). Comparable mean ages for pubic hair stage 2 were 12.9 years in gymnasts 
and 11.4 years in controls.
On average, menarche occurred in both groups when the girls were at breast stage 3. 
By the end of the study, 18 gymnasts and 41 controls had experienced menarche at 
mean age o f 14.3 years (range 12.0-16.9 years) and 12.7 years (range 9.7-15.7 years) 
(p<0.001), respectively. The age range of those girls who had not experienced 
menarche was 7.9-14.6 years in gymnasts (n 27) and 8.3-12.8 years in controls (n 
11). The relation of menarche to the height spurt was close, as girls in both groups 
started to menstruate when the height velocity was falling i.e. during the downward 
part of the height velocity curve (shown in Figure 3.9). There was a significant 
correlation between ages at PHV and menarche in both gymnasts (r=0.90, p<0.001) 
and controls (r=0.48, p<0.01). The interval between age at PHV and menarche was 
not significantly different between the groups (1.2 ± 0.9 vs. 0.7 ± 0.9, respectively).
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Table 3.8 Height velocity in gymnasts and controls by chronological age-categories
9 10
Chronological age-categories (years) 
11 12 13 14 15 16
n
GYM 8 10 12 12 14 8 9 8
totaln 
81
CON 6 10 18 22 18 13 8 8 103
Ase-centre tvearsl 
GYM 9.6 10.6 11.3 12.4 13.5 14.5 15.5 16.6
SD 0.4 0.3 0.3 0.3 0.3 0.3 0.3 0.3
CON 9.6 10.4 11.5 12.5 13.6 14.6 15.6 16.5
SD 0.3 0.3 0.2 0.3 0.2 0.2 0.3 0.4
p-value ns ns ns ns * ns ns ns
Height (cm/vear)
GYM 4.6 4.2 6.1 5.0 6.3 5.4 3.5 1.8
SD 0.9 1.4 1.7 1.8 2.5 2.9 3.0 1.9
CON 6.2 6.3 6.7 6.3 4.8 2.2 0.9 0.8
SD 1.8 1.9 1.8 1.6 2.0 1.2 0.7 0.9
p-value ns ** ns * ns ** * ns
p (adj:ht,wt)' ns ns ns ns ns ns ns ns
p<0.05, ** p<0.01, *** p<0.001 (ANOVA). Adjusted for height and weight. 
Note: Boxed numbers indicate the peak values.
Table 3.9 Height velocity in gymnasts and controls by biological age-categories
Biological age-categories (years from PHV)
-3 -2 -1 0 1 2 3
n total n
GYM 12 14 13 14 12 8 4 77
CON 4 
Age-centre (years)
9 18 21 18 17 10 97
GYM 9.9 10.8 12.1 12.9 14.2 15.7 16.2
SD 0.6 0.6 0.5 0.8 0.8 0.7 1.0
CON 9.1 9.9 10.9 11.9 12.8 14.1 15.1
, SD 0.3 0.6 0.6 0.6 0.5 0.6 0.7
p-value
Height fcm/vear)
* ** *** *** *** *** *
GYM 4.5 4.9 5.6 6.6 5.2 2.3 0.3
SD 1.0 1.9 1.9 1.9 2.9 1.9 0.5
CON 5.7 6.2 6.2 7.0 5.5 2.1 1.0
SD 1.9 1.6 1.7 1.6 1.6 1.1 0.8
p-value ns ns ns ns ns ns ns
p (adj:ht,wt)’ ns ns ns ns
1 A I-  ^ 1
ns ns ns
Note: Boxed numbers indicate the peak values (height) and age at peak height.
92
li
en ü
(\i (0
S -2 S -2
•  <  ü .< û.
n g
o (j A/u io )  A i!0O|3A w G iaH
is
CO
(j A/u io ) Ai !o o i9a  iqG iaH
,xr
il
a
(j A/u io ) A;!3O|0A iqG iaH
I
I
©
I
î
I
gO
1
l
Cî
i l
• t l
I I
I :
“ I00
m  ces
| l
e S
93
GYM
CON
HEIGHT SPURT
MENARCHE
x=mean, range
BREAST
IV V
PUBIC HAIR
+ -  -
Age (years)
Figure 3.9 Diagram of sequence of events at puberty in gymnasts and controls
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3.3.5 Parental data and other factors related to physical development
Parental data and other factors related to physical development in gymnasts and 
controls are shown in Table 3.10. There was a significant difference in all shown 
variables. Birth weight was lower in gymnasts than in controls (3100 vs. 3358 g). 
The menarche occurred significantly later in gymnasts (14.1 vs. 12.7 years) and also 
in their mothers (13.3 vs. 12.7 years) compared with the controls and their mothers. 
Parents of the gymnasts were shorter than the parents of the controls. Estimated final 
height (derived from parental heights) was shorter in gymnasts than in controls (1.61 
vs. 1.66 m, respectively).
Table 3.10 Parental data and other factors related to physical development for all 
subjects
Gymnasts {n 45) Controls (« 52)
Mean ± SD Ranee Mean ±  SD Rang
Birth weight (g) 3100 ± 5 2 4 " 2098-3969 3358 ± 5 6 2 2041-4763
Mother’s age at menarche (years) ' 13 " 12-16 13 10-16
Mother’s height (m) 1.59 ±  0.04 1.52-1.70 1.65 ± 0 .0 6 1.52-1.78
Father’s height (m) 1.76 ± 0 .07^ 1.63-1.88 1.80 ± 0 .0 6 1.68-1.92
Estimated final height (m) 1.61 ± 0.04 1.54-1.67 1.66 ± 0 .0 4 1.56-1.75
Median (Mann-Whitney test)
p<0.05;  ^p<0.01;  ^p<0.001 (t-test, compared with controls)
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3.3.6 Growth and maturation on UK growth charts
Longitudinal growth and maturation data, as well as birth weight and parental heights 
were plotted on a UK girls 0-20 yrs growth chart (Table 3.11, Figure 3.10). The data 
for height and weight data are based on Table 3.4, with chronological age-categories 
from 8 to 18 years (note: n <6 in age-categories 8, 17 and 18). The results show that 
the gymnasts’ (and their parents’) growth curves were generally between 2"^ and 25* 
percentiles. Instead, controls’ growth curves were between 50* and 75* percentiles 
(breast stage and birth weight values were below 50* percentile).
Table 3.11 Growth and development percentiles for subjects across puberty and 
parents
Gymnasts Controls
Height ^ 2 ^ #* 50-75*
Weight ^ 9-25* 50-75*
Menarche 9 th 50-75*
Breast stage II 25-50* 50*
III 2-9* 25-50*
IV 9-25* 25-50*
Birth weight <25* 25-50*
Mother’s height 9-25* 50-75*
Father’s height
In , ^ 1 1   ^ 2 n 1
25-50* 50-75*
next (i.e. II to III, III to IV or IV to V).
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Figure 3.10 Height and weight growth charts for gymnasts (G) and controls (C) (ages 
8-18 years)
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3.4 Discussion
Gymnastic training has over the years been strongly criticised in the media for 
causing slow linear growth and reduced adult stature or stunting o f growth (Toiler et 
al. 1996, Forbes 1997). These comments may have been based on individual cases or 
studies, where crucial factors such as i) wide variation in normal growth ii) subject 
selection / self-selection into sport and iii) heredity factors have not always been 
accounted for. Alarming conclusions such as gymnastics being harmful for growth 
and development may have been overstated based on today’s knowledge of these 
issues.
3.4.1 Longitudinal growth
There is still considerable lack of agreement in the literature on whether gymnastic 
training affects or delays linear growth and pubertal maturation. There are a number 
of cross-sectional studies showing that gymnasts are shorter and lighter than children 
with normal activity levels of the same age group, or athletes from some other sports 
(Bass et al. 2000, Caine et al. 2001, Baxter-Jones et al. 2002). This was also a clear 
finding in the current study. Cross-sectional studies however are unable to adjust for 
the stage of development especially in a group of gymnasts in whom chronological 
age is clearly not an appropriate determinant o f maturation.
The shortage of long-term longitudinal investigations on the effects of gymnastics on 
growth and development, which carefully adjust for the stage of pubertal 
development, has prevented definite conclusions being drawn on the subject. Studies 
comparing height velocities between athletes and controls without assessing subjects’ 
position relative to PHV can result in misconceptions. Our research was based on a 
short-term (up to four years) longitudinal study with estimation of age at which PHV 
occurred. Due to the wide age-range of the subjects it provides valuable information 
on growth across the pubertal development (from pre- to post-pubertal ages), 
although there is a lack of data measurements at the upper end of the growth curves. 
Also, the estimation, rather than true measurement of PHV, can result in some level
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of bias when assigning subjects into chronological or biological age-categories 
(method discussed in Chapter 8.1).
Our results show that in addition to being significantly smaller according to cross- 
sectional analysis, the gymnasts remained small (height and weight between 2-25^ *^  
percentiles, compared with controls between 50^ -^75^  ^ percentiles) throughout their 
pubertal maturation. The size differences existed when growth curves were aligned 
both by chronological and biological ages, although in the latter curves the difference 
was seemingly smaller. Malina (1994) reported gymnasts to be already shorter than 
average during childhood, but also maintained their position relative to reference 
data during childhood and adolescence (Malina 1994a). Weimann et al. (2000) found 
that body height and weight of gymnasts fell below the 12^  ^ percentile of German 
adolescent females (Weimann et al. 2000). A review of various sports reported that 
statures and weights of European gymnasts varied between 10^  ^ and 50^' percentiles, 
but in most samples gymnasts were closer to IC/  ^percentile (Malina 1994b).
The clear peak in linear growth (PHV) - not detected in all studies (Lindholm et al. 
1994) - occurred significantly later in gymnasts. No difference was found between 
the groups in the mean PHV value (6.6 vs. 7.0 cm/year), and the values were similar, 
although slightly lower than in previous reports in active (7.8 cm/year) (Geithner et 
al. 1998) and non-active girls (8.9 cm/year) (McKay et al. 1998). The values are still 
within the range of mean PHV found in several European longitudinal studies: 7.0- 
9.0 cm/year ± 0.7-1.4 cm/year (Malina and Bielicki 1996).
Bass and colleagues recently reported of a deficit in sitting height, which worsened 
with increasing duration of training, but reversed as training ceased (Bass et al. 
2000). Gymnasts’ sitting height in our study increased at a similar rate as in controls 
until one year after PHV. During the following years only marginal growth was 
detected. This could reflect the phenomenon suggested by Bass et al. (2000), 
although due to smaller subject numbers at these older age groups definite 
conclusions caimot be drawn. Their comment of gymnastics delaying puberty was 
not supported by our results.
99
Overall, it is clearly advantageous, and almost a prerequisite for an individual to 
excel in gymnastics to be short and small, and to remain so. Gymnastics is an 
appearance sport, where judges award points both according to technical skills and 
appearance of the athlete. Our findings of marginal increase in fat mass, but similar 
increase in lean mass (data not size-adjusted) to controls across puberty reflects the 
lean and muscular appearance expected of gymnasts.
3.4.2 Pubertal maturation
Landmarks of maturation, such as age at menarche, breast and pubic hair stage 
development occurred later in gymnasts than in controls. Controls mean age at 
menarche (12.7 years) was in line with UK reference data (12.9 years). Interestingly 
however, the events o f maturation including PHV, menarche, breast and pubic hair 
development, occurred in the same sequence in both our groups. This indicates that 
pubertal maturation in gymnasts was not delayed due to exercise, but intrinsically 
late. Breast development preceded pubic hair development; menarche occurred 
between stages 3 and 4, when the height velocity was falling i.e. during the 
downward part of the height velocity curve. Similar findings have previously been 
reported in girls involved in track, rowing and swimming (Geithner et al. 1998), but 
no previous data exist on gymnasts. These studies found an interval between ages at 
PHV and menarche (1.1-1.2 years) similar to the current study (0.7-1.2 years), in 
active and non-active girls. Correlations between ages at PHV and menarche found 
in the current sample (r=0.5-0.9) were also similar to previous reports (r=0.7-0.9) (as 
reviewed by Geithner et al. 1998). The events o f maturation in both groups appear to 
follow the normal growth pattern reported in literature, and fit within the wide range 
of normal variation of development (Tanner 1989). Although there are reports 
suggesting that gymnastic training delays menarche (rather than gymnasts having 
intrinsically late menarche), the cause-effect relation between training and inhibited 
growth or late menarche in female athletes has not yet been demonstrated, and 
longitudinal studies considering all confounding factors affecting growth and 
maturation are required (Caine et al. 2001, Baxter-Jones and Maffulli 2002).
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3.4.3 Heredity and self-selection
Heredity is a factor often overlooked in studies. It has been shown before (Theintz et 
al. 1989), and supported by this study, that gymnasts generally have a family 
background of small body size. In this study, both parents of gymnasts were shorter 
(mothers: 9-25^  ^ percentiles; fathers: 25-50* percentiles) than parents of controls 
(50-75* percentiles). Hence the estimated final adult height in gymnasts was shorter 
than in controls (161 vs. 166 cm), so they are genetically determined to be shorter. 
Smaller familial body size is also supported by our finding of lower birth weight in 
gymnasts, although birth weight has previously been suggested not to be an 
important factor for the choice of sport (Damsgaard et al. 2000). Pubertal 
development has also been shown to start later in gymnasts’ parents, and late age at 
menarche is a characteristic in gymnasts’ and other athletes mothers (Theintz et al. 
1989, Baxter-Jones et al. 1994, Malina et al. 1994), which was also evident in this 
study.
Self-selection of short individuals into gymnastics has been suggested as the reason 
for the overall short gymnast-population (Baxter-Jones et al. 2002). Damsgaard et al. 
(2000) found that gymnasts were already smaller at the age o f 2-4 years, long before 
the children started their accrual sport (Damsgaard et al. 2000). Smaller children are 
more likely to start gymnastics as a hobby, because a small body size is beneficial in 
the routines. This is supported by the current findings, as already at the age of eight 
years (youngest of our age-categories) the gymnasts were shorter and lighter than 
controls. Those who mature and grow late and at a slower pace are also likely to 
succeed in competitions and continue training for longer, causing a bias to the 
‘random’ selection of individuals in research investigations. A review by Malina 
(1994) reported that more talented gymnasts were more delayed in sexual maturation 
than those at the local club level (Malina 1994b). Benardot and Czerwinski (1991) 
found that weight and height percentiles of gymnasts progressively dropped from the 
48* to the 20* from age 7 to 14 years (Benardot and Czerwinski 1991). Height 
percentile in our gymnasts seemed to drop from 25* to below 9* from age 8 to 16 
years, although due to wide variation in mean height values the drop is not 
considered substantial.
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3.4.4 Level of training
Generally, research on gymnasts routinely describe training in terms of hrs / week, 
with little consideration of the intensity (elements / min, biomechanical loads, skill 
difficulty) or energy cost of training (Caine et al. 2001). Still, the diverse training 
regimes, quality and quantity of training may have a differing effect on the 
development of a gymnast. In this study on competitive, but not elite gymnasts, 
selection criteria of subjects (participate in competitions at club / regional / national 
level; training hours > 1 0 /  week) was the only measure of the level or quality o f 
training. The level of training in this and other reports can hence cause variation in 
findings and be an important confounding factor.
Theintz et al. (1993) proposed that in gymnasts, intensive training regularly 
performed for more than 18 hours per week for several years immediately before and 
during puberty represents a chronic stress situation capable o f altering growth to such 
an extent that full adult height will not be reached. They suggest a threshold of 
training, presumably 15 to 18 hours/week, below which growth potential might not 
be affected in gymnasts (Theintz et al. 1993). A German report examining the risks 
caused by high intensity training found that during the pubertal growth spurt female 
gymnasts often suffered from microtraumatic vertebral injuries, and reduction of 
training volume during this period should be advised (quoted in Weimann et al. 
2000). Some gymnasts have experienced a growth spurt in the periods of reduced 
training, often connected with injuries (Lindholm et al. 1994). On the other hand, a 
cross-sectional study found no significant influence from the type of sport 
(swimming / tennis / handball / gymnastics) and number o f training hours on attained 
body size (Damsgaard et al. 2000). Also, athletes from sports other than gymnastics 
have average statures that equal or exceed the mean reference height (50* 
percentile). In many of these sports, training is as, or even more intense, than training 
in gymnastics. Overall, it is difficult to implicate the stress from different levels of 
training as the causative factor in the slower growth and smaller size of gymnasts 
(Malina 1994b).
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3.4.5 General
It is important to point out, that successful artistic gymnasts are a most selected 
group, and data for gymnasts must be considered in the context of extremely 
selective criteria applied to the sport (Malina 1994b). Of those who start gymnastics 
at 4-6 years of age (may already be small for age) the ones who grow and develop at 
near-normal rate (close to 50* percentile) are likely to drop-out due to lack of body 
co-ordination and/or success, or remain in the sport at a recreational level. Only those 
few who grow and mature at the slowest rate, retain the optimal body shape. They 
are most likely to succeed in competitions and consequently get selected to national 
squads and a higher level of training and coaching. Therefore, whoever falls into the 
category of ‘an elite or competitive artistic gymnasts’ at a research study, falls most 
likely on the lower percentiles on national growth and development curves. 
Lindholm et al. (1994) highlighted two gymnasts (out of n 22), who had slowest 
growth rates, latest menarche, but who also reached the highest levels in national and 
international competitions (Lindholm et al. 1994). At international level, gymnasts 
should reach their peak performance from age 16 onwards, which is the youngest age 
allowed into competitions. The age-limit prevents the truly pre-pubertal girls from 
competing, although the child-like appearance is still considered aesthetically 
beneficial. Compared to other sports, the top gymnasts are considerably younger, and 
many individuals are still likely to be going through their biological development. 
Also, since growth spurt and full maturity are eventually reached, the career span as 
a successful gymnast is incredibly short compared to some other sports where 
international success can still be achieved during the fourth or fifth decades of life.
3.4.6 Conclusion
In conclusion, these results show that although the gymnasts in this study were 
shorter, lighter and had later pubertal maturation, the biological timing of growth 
related events was the same as in controls. Chronologically the events occurred later 
in gymnasts. The gymnasts also remained at the lower end for height and weight 
(between 2"^ and 25* percentiles) on the UK growth charts throughout puberty.
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whereas controls remained between 50* and 75* percentiles. The gymnasts were 
already lighter at birth than controls, and both parents were shorter than controls’ 
parents. These factors support the suggestion previously described in the literature 
that vigorous training throughout pubertal development does not result in stunting of 
growth and delayed menarche, but that the gymnasts had characteristics o f short, 
normal, slow maturing children with a family background of short stature. Further 
research is however warranted to investigate whether continuing vigorous exercise 
beyond completion o f linear growth into adulthood compromises final height, causes 
later menstrual dysfunction or affects gymnasts’ long-term health.
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Chapter IV
Dietary intake
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4 Dietary intake
The following Chapter has been divided into two sections: i) Study on validation of 
the food record and ii) Dietary intake in gymnasts and controls.
4.1 Validation of the food record
4.1.1 Introduction and aims
Validity is the degree to which a method measures what it claims to be measuring. 
The diet of free-living individuals is constantly changing, which makes it difficult to 
assess the absolute validity of dietary intake methods. Nevertheless, as part of 
research on nutrition and health it is important to attempt to examine the validity of 
the method used against another method, which ideally would be the most accurate 
method available.
The most common validation technique, also used in the following analysis, is 
relative (or concurrent) validity. This refers to evaluation of the test dietary method 
(estimated food record) against a gold standard reference method that is considered 
particularly accurate and precise (weighed food record), and ideally has errors not 
correlated with the method under investigation (Willett 1998).
The aim of this investigation was to:
1. Compare energy and nutrient intakes measured by i) the estimated food 
record (used in the main longitudinal study) and ii) the 4-day weighed food 
record method (completed by the same individuals).
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4.1.2 Methodology
A total o f 15 healthy adults (10 females, 5 males) were recruited for the study. Each 
subject was given an information sheet and study protocol was explained. Agreement 
to participate was confirmed when subjects completed and returned a Consent form 
and a Personal Information form (Appendix 11). O f the 15 subjects recruited, three 
(2 females, 1 male) failed to return their food records. Descriptive data for the final 
12 subjects are shown in Table 4.1. None of the subjects were smokers, 33% used 
some medication and 33% used dietary supplements, such as multivitamins and 
minerals or cod liver oil (not included in the analysis).
Table 4.1 Descriptive data for subjects in food record validation study
Mean SD Range
Age (years) 35.0 10.0 2 4 .2 -5 5 .1
Height (cm) 167.3 9.2 1 5 4 .0 -181 .0
Weight (kg) 64.6 14.1 4 1 .0 -9 1 .0
BMI (kg/m^) 2 2 8 3.2 1 7 .3 -2 7 .8
The study design included firstly completion of a 4-day estimated food record and 
secondly a 4-day weighed food record, around four to six weeks apart. The order for 
completing the two records was chosen so that training effect (learning of portion 
sizes by weighing) would be minimal. Both diaries were completed for four 
consecutive days including three weekdays and one weekend day (Sunday to 
Wednesday / Wednesday to Saturday) between the months of January and April. 
Subjects were provided with a set of electronic scales (Salter Housewares, 
Tonbridge, UK) for the duration of completion of the weighed records.
The procedure for collecting the estimated record was similar to that explained in 
Chapter 2.5. Instructions on completing the weighed record were given and 
demonstrated to each subject and written information was provided. Advice on 
completing the records was available throughout the recording period. The weighed 
food record was similar to the estimated record with an adapted example-day 
included (example of the weighed record is shown in Appendix 12). Both records
107
were analysed using DietS for Windows computer package (Robert Gordon 
University, Aberdeen, UK).
Statistical analysis was performed by using a paired t-test, and correlation coefficient 
to compare individual results within the overall mean. Several factors, including 
normality of data, total energy intake, subject’s age and gender, were taken into 
account. Classification of individuals into tertiles of nutrient intakes was also 
performed. Agreement between estimates of energy and macronutrient intake data 
were assessed with the method of Bland and Altman (Bland and Altman 1986). This 
required a pair-wise comparison showing the relative bias (mean difference) and the 
limits of agreement (mean difference ± 2 SD of the difference) between the test 
(estimated record) and reference (weighed record) values by plotting the mean 
difference between the two methods against the mean of the two estimates.
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4.1.3 Results
4.1.3.1 Comparison of nutrient intake between the two methods
Nutrient intakes for the 12 subjects are shown in Table 4.2. All nutrient variables 
were normally distributed (Kolmogorov-Smimov test, p=ns). In general, energy 
intake was higher (ns) when using the weighed than estimated records. Similarly, 
intakes for all macro- and micronutrients (except for fat) tended to be higher with the 
weighed method than estimated. Significant differences were found between 
carbohydrate, sugar and potassium intakes (p<0.05-0.001). No difference was found 
in ETBMR between the two records.
Table 4.2 Comparison of nutrient intake as measured using 4-day estimated record 
and weighed record
Estimated record Weighed record Paired t-test
Mean SD Mean SD
Energy (MJ) 8.07 2.74 8.66 2.53 ns
Energy (kcal) 1916 650 2053 599 ns
Protein (g) 75.2 30.7 85.0 35.5 ns
Fat (g) 70.3 25.6 66.9 17.1 ns
CH O (g) 235.0 87.5 274.9 101.0 **
Sugar (g) 105.5 51.1 128.7 59.1 *
Starch (g) 128.0 39.8 140.3 44.4 ns
Fibre (g) 14.8 6.6 16.8 7.1 ns
Vitamin C (mg) 87 42 107 45 ns
Vitamin D (pg) 4.6 3.6 5.1 5.2 ns
Calcium (mg) 906 496 1002 583 ns
Iron (mg) 11.3 4.5 12.8 3.8 ns
Potassium (mg) 2918 1131 3427 1293 *
EFBMR 1.30 0.37 1.39 0.34 ns
* p<0.05, ** p<0.01 (Paired t-test)
4.1.3.2 Pearson correlation coefficients
Correlation coefficients between the estimated and weighed food records are 
presented in Table 4.3, and graphically in Figure 4.1. Table shows separate columns
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for correlations calculated for crude nutrient intakes and energy-adjusted intakes 
(residual method, from regression analysis). As residuals have a mean of zero, the 
average intakes for the nutrients were added as constants to allow for energy adjusted 
values to be relevant.
Correlation coefficients with crude intakes were generally high ranging from 0.81 
(starch and potassium) to 0.95 (calcium). There was no significant correlation for 
vitamin C and D intakes. Generally, coefficients were slightly stronger for crude 
nutrient intakes than for energy-adjusted intakes, or when adjusted for age, gender 
and BMI.
Table 4.3 Pearson correlation coefficient for nutrient intakes from 4-day estimated 
record and weighed record
Correlation coefficients
Crude Adjusted  ^ Energy adjusted ^
Energy 0.89 ** 0.87 **
Protein 0.90 ** 0.89 ** 0.94 **
Fat 0.82 ** 0 .75* 0.65 *
CHO 0.91 ** 0.93 ** 0.75 **
Sugar 0.90 ** 0.91 ** 0 .48*
Starch 0.81 ** 0.80 ** 0.66 **
Fibre 0.84 ** 0.83 ** 0.80 **
Vitamin C 0.30 ' 0.17 0.15
Vitamin D 0.10 -0.03 0.03
Calcium 0.95 ** 0.95 ** 0.89 **
Iron 0.76 ** 0.65 0.18
Potassium
1 A 1. J ^_____
0.81 ** 0.78 * 0.75 **
110
m o
o
o  o  o  o  o  o(O Tf O 00 (O g  o(N
II
CO
CM
O O O O O
CO
i
I
■§
Î
I
I
ê
T3
Î
g
I
pjooaj pooj pajBUips3 pjoaaj poo; pa^euipsg
o
CO
CO
CD^CMOOOCOTfCM
"E
I
I
I
CO
o o o o
12
■§
£
1I
pjoaaj poo; pajBiupsg pjooaj poo; paiBuipsg
i
I
I
I
I
I
I
u
I
Ph
111
4.1.3.3 Cross-classification tables
Cross-classification of nutrient intake measured by weighed and estimated food 
records were calculated. Results for percentage / number of subjects correctly 
classified, correctly classified to within one tertile and misclassified (>2 tertiles) are 
presented in Table 4.4. For none of the nutrients presented were all subjects correctly 
classified. Correct classification varied from 83% for energy and calcium intake, to 
50% for vitamin D. For half the nutrients presented (energy, fat, CHO, sugar, fibre, 
calcium) there were no subjects misclassified over 2 tertiles. Statistical testing was 
not performed due to small subject numbers (n 4) within each tertile.
Table 4.4 Classification of subjects by tertiles of nutrient intake for weighed and 
estimated food records
% / n correctly 
classified
% / n correctly 
classified or within 
one tertile
% / n misclassified 
(>2 tertiles)
Energy 83/10 100/12 None
Protein 75/ 9 92/11 8/ 1
Fat 67/ 8 100/12 None
CHO 67/ 8 100/12 None
Sugar 67/ 8 100/12 None
Starch 58/7 92/11 8/1
Fibre 67/8 100/12 None
Vitamin C 58/7 92/11 8/ 1
Vitamin D 50/6 83/10 17/2
Calcium 83/10 100/12 None
Iron 58/7 92/11 8
Potassium 58/7 92/11 8
4.1.3.4 Levels and precision of agreement (Bland-AItman technique)
Levels of agreement between the two methods using the Bland-Altman technique 
were calculated and the results are shown in Table 4.5. Overall, the levels of 
agreement were relatively poor and the 95% confidence intervals (Cl) wide. 
However, the difference between the two methods was close to zero (Figure 4.2) and 
within 2 SD above or below the mean difference for energy and protein (apart from 
one particular individual whose difference exceeded +2 SD).
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Table 4.5 Levels of agreement between weighed (WR) and estimated food records 
(ER) using the Bland-Altman technique
Level of ER Level of ER 95% Cl for 95% Cl for
below WR above WR lower limit upper limit
Energy (MJ) -1.9 3.0 -3.2 to -0.5 1.7 to 4.4
Protein (g) -21.0 40.6 -37.9 to -4.0 23.6 to 57.5
Fat (g) -33.9 27.1 -50.7 to -17.2 10.3 to 43.9
CHO(g) -43.9 123.8 -90.0 to 2.2 77.6 to 169.9
Cl, confidence interval
4.1.4 Discussion
This investigation examined whether an estimated food record provided an adequate 
tool for assessing dietary intake, by comparing results with those obtained from 
weighed food record. The weighed record was considered the most appropriate 
reference method since biomarkers or doubly labeled water techniques were not 
available for the study. Both records measured dietary intake for the same amount of 
time (4-days) and within close time period (4-6 weeks apart between the months of 
February and April).
Although the methods and some of their potential errors were similar, an obvious 
source of error, estimation of portion sizes, was omitted with the weighed method. 
An amendment to the estimated record method would be the use of photographs of 
known portion weights, which were not commonly available at the beginning of our 
main investigation. The estimated record is associated with lower likelihood of 
another potential error, change in diet, since it is considered less demanding than the 
weighing method.
The food record method is an open technique with no set number of days or specific 
layout, as no foods are listed. This is a major benefit compared with the more 
structured methods, which suffer from inflexibility and inability to cope with a 
variety of hypotheses likely to emerge over the course of a prospective study lasting 
several years, which was the case with our main study.
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There is considerable discussion in the literature regarding the most appropriate 
statistical method for comparison of results in individual dietary surveys. Methods 
include correlation coefficient, regression analysis, classification into percentiles and 
Bland-Altman plot (Bland and Altman 1986, Gibson 1990, Willett 1998). In this 
analysis, various techniques have been used to provide a comprehensive estimate of 
the validity of the methods. The agreement was generally good between the two 
methods with no significant differences between the intakes of the majority of the 
nutrients. It would seem that the estimated record tended to under-estimate dietary 
intake, as all mean intake values were greater with the weighed record (significant 
for CHO, sugar and potassium). Correlations for energy and macronutrients were 
high (r>0.8) on crude intakes, hut slightly lower for all energy-adjusted nutrient 
intakes (except for protein). Our correlation coefficients were slightly higher than 
those previously reported values ranging from 0.59-0.71 (Bingham et al. 1994). 
Interestingly, intake of vitamins C and D were not correlated between the two 
methods in our study.
Cross-classification into tertiles also showed a reasonably good agreement between 
the two methods with 83-100% of subjects classified into correct or ‘within one 
tertile’ group for various nutrients. Higher number of subjects would have however 
provided larger groups and/or more than three classification groups. Bland-Altman 
plot revealed that agreement between the two methods was poor and confidence 
intervals wide, although after plotting individual differences against average intake 
(Figure 4.2) it was noted that majority o f the subjects provided values that were close 
to the mean for energy and macronutrients. Values from one particular subject 
however consistently exceeded the confidence intervals. This phenomenon would 
most likely be repeated in a larger study group, since previous dietary studies have 
reported even wider confidence intervals for energy (Livingstone et al. 1992).
Representiveness o f the sample of the test population compared with study 
population should be considered when validating a method for a larger investigation. 
It was decided however to undertake this validation study in a group of mixed-gender 
adults. This was mainly to assess the practicality and usability o f the estimated 
record. A group of young females would have represented the main study population
115
better, but due to complexity of dietary estimation in the younger population a group 
of adults were chosen. Previous research has shown good validity o f estimated diet 
records in older and younger subjects. The estimated food record has been shown to 
have an acceptable relative validity in adult women (Bingham et al. 1994). In 9-10 
year old children, correlations between 0.78-0.94 were reported for macronutrient 
intake using estimated 3-day records and observation (Crawford et al. 1994). 
Systematic underreporting in dietary reporting by adolescents has been found when 
comparing weighed or estimated records with doubly labeled water technique 
(Livingstone et al. 1992, Bandini et al. 1997). The UK National Diet and Nutrition 
Survey of People Aged 4-18 Years (Gregory et al. 2000) based on estimated diet 
records also showed considerable underreporting. There is still a limited number of 
validation studies of self-reported assessment methods in younger subjects (Rockett 
and Colditz 1997), and evaluations of methods for assessing individual long-term 
intake in children and adolescents are required.
4.1.5 Conclusion
In conclusion, although there were differences in nutrient intake as measured by the 
two techniques used in this investigation, estimated food record provided an 
acceptable method to estimate energy and nutrient intake. The estimated record was 
therefore chosen as a tool for the main longitudinal study in young females, since the 
reference method, weighed food record was considered too demanding for the study 
population.
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4.2 Dietary intake in gymnasts and controls
4.2.1 Introduction and aims
Diet plays an invaluable role in both general well-being as well as sports 
performance for young athletes. Prior to our research there has been no 
comprehensive data on dietary intake in competitive female gymnasts in the UK. 
Studies published to date from, for example, USA, Sweden and France have often 
been based on weak dietary assessment methods, low subject numbers, severe under­
reporting and lack of longitudinal study designs. This Chapter investigates dietary 
intake in up to 90 young female gymnasts and controls with the data based on 
multiple diet records collected over three years using the best available method to 
estimate food intake. The aims were to:
1. Investigate intake of energy, macro- and micronutrients in young female 
gymnasts and controls as total, energy-adjusted and size-adjusted values on 
dietary data collected over a period of one year.
2. Examine the adequacy o f the diet in the gymnasts by comparing their dietary 
intake to the diet of normally active girls, current UK recommendations and a 
large national dietary survey.
3. Examine the level of under-reporting in the dietary recording of the gymnasts 
and controls.
4. Study seasonal variation in dietary intake reported in the spring, summer and 
autumn months by the gymnasts and controls.
4.2.2 Methods
The methodology for data collection and analysis are explained in detail in Chapter 
2.5. In the results comparing dietary intake of energy, macro- and micronutrients 
between gymnasts and controls, dietary record data from the first year (baseline, 6, 9,
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and 12 months; total of 16 days) has been combined to obtain the most accurate 
estimate of intake. The subjects have been divided into groups according to age at 
baseline: 8-10 and 11-15 year old girls in order to allow comparison with the data 
from the National Diet and Nutrition Survey of People Aged 4-18 Years (NDNS) 
(Gregory et al. 2000) as well as the UK dietary recommendations (Department of 
Health 1991). Some data have also been presented separately for different 
measurement occasions and for different age categories (8-17 years).
To assess seasonal variation in dietary intake, 3-day diet records completed at 6 
months (March-April = spring), 9 months (July = summer holiday) and 12 months 
(September-November = autumn) were compared. Results are presented separately 
for all subjects {n 65; includes subjects who returned all three diet records), gymnasts 
(^ 21) and controls {n 44) and analysed using repeated measures AND VA.
118
4.2.3 Results
4.2.3.1 Intake of energy and macronutrients
Daily energy and macronutrient intakes are presented in Table 4.6 and Table 4.7 for 
8-10 year old (younger) and 11-15 year old (older) gymnasts and controls, 
respectively. The values are calculated as an average of food records completed 
during the first year of the study (7-days at baseline, 3-days at 6, 9 and 12 months: 16 
days in total). The tables also show the estimated average requirement (EAR) or 
reference nutrient intake (RNI) for energy and macronutrients, as well as the values 
reported in the NDNS (Gregory et al. 2000).
There were no significant differences in energy or macronutrient intakes, or in 
percentage energy from different sources between gymnasts and controls in the 
younger group. However, the older gymnasts had significantly lower intakes of total 
energy, fat, carbohydrate and fibre than controls.
Protein intakes were approximately 40-90% higher than the RNI in both groups. 
Sugar and non-milk extrinsic sugar (NMES) intakes were greater than 
recommendations in both groups. Percentage of energy from fat and carbohydrate 
were according to recommendations. Overall, intakes were comparable to those 
reported in NDNS, reflecting the current dietary habits of typical British adolescents.
The mean EI:BMR values did not differ significantly between the gymnasts and 
controls in either group. Gymnasts in the younger group had a trend for greater 
values than controls (1.63 vs. 1.48). Figure 4.3 shows the EI:BMR values separately 
for 8-10 and 11-15 year old gymnasts and controls across the study. The older group, 
as well as the younger controls demonstrated very similar values, with a declining 
trend over time. The younger gymnasts however had the highest (ns) values of all 
groups at baseline, 12 and 24 months (no data at 36 months), but lowest value at 6 
months.
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Figure 4.3 Energy intakeibasal metabolic ratio (EEBMR) across the study in 8-10 
and 11-15 year old gymnasts and controls
4.2.3.2 Intake of mieronutrients and vitamins
Crude as well as energy-adjusted (per 1000 kcal) micronutrient and vitamin intakes 
for 8-10 and 11-15 year old gymnasts and controls are presented in Table 4.8 to 
Table 4.11. Figure 4.4 illustrates selected micronutrient intakes as percentage of the 
RNI for gymnasts, controls and subjects from the NDNS for the younger (A) and 
older (B) groups.
These results indicate that in the younger group there were no differences in crude 
micronutrient intakes between gymnasts and controls, but some differences in 
energy-adjusted intakes (higher iron and lower sodium intake in gymnasts) (Table 
4.8 and Table 4.10). In the older group, gymnasts had significantly lower crude 
intakes of calcium, phosphorus, sodium, copper and iodine, but these differences 
disappeared when energy-adjusted values were compared (Table 4.9 and Table 4.11).
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As illustrated in Figure 4.4, phosphorus and sodium intakes were nearly twice the 
RNI in both younger and older groups. Other nutrient intakes including calcium, 
were just above or nearly the level of the RNI, although zinc and magnesium intakes 
in all groups, and especially iron intake in older girls were below the RNI. A total of 
54% of all subjects (64% of gymnasts and 47% of controls) had calcium intakes 
below the RNI, and 3% of all subjects (8% of gymnasts and 3% of controls) below 
the LRNI.
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Figure 4.4 Micronutrient intakes as % of the RNI for (A) 8-10 and (B) 11-15 year 
olds
There were no major differences in vitamin intakes (Table 4.8 to Table 4.11) 
between gymnasts and controls in either group. Younger gymnasts had significantly 
greater crude intake of thiamin and energy-adjusted intakes of carotene, thiamin and 
niacin. Older gymnasts had greater energy-adjusted intakes of niacin and vitamin B6. 
All mean vitamin intakes were above the RNI in both groups, and also similar to 
intakes reported in NDNS.
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4.2.3.3 Crude and size-adjusted intakes of energy, protein and calcium
Energy
Figure 4.5 presents total (kJ/day) and weight-adjusted (kJ/kg/day) energy intakes 
measured across the study at each measurement occasion (baseline, 6, 9, 12, 24 and 
36 months). These data show that controls had a significantly greater total energy 
intake than gymnasts at 9 and 36 months (Figure 4.5A). Gymnasts however had a 
significantly greater weight-adjusted energy intake (except at 36 months) (Figure 
4.5B). No difference was found in lean mass-adjusted energy intake between the 
groups (Appendix 15). Total and weight-adjusted energy intakes by age-categories 
are shown in Figure 4.6. Total energy intake seems to increase slightly by age in both 
groups (Figure 4.6A), whereas weight-adjusted energy-intake seems to decrease by 
age (Figure 4.6B). Gymnasts had significantly greater weight-adjusted energy intake 
in most age-categories.
Protein
Comparable data for protein are presented in Figure 4.7 and Figure 4.8. These data 
show that there was no difference in total protein intake between the groups over 
time (Figure 4.7A), but gymnasts had a significantly greater weight-adjusted intake 
across the study (except at 36 months) (Figure 4.7B). Lean mass-adjusted protein 
intake was significantly greater in gymnasts at 24 months (Appendix 15). The same 
trends were seen when data were arranged by age-categories (Figure 4.8). Total 
protein intake was much greater than the RNI throughout the study (Figure 4.8A).
Calcium
Data for calcium are shown in Figure 4.9 and Figure 4.10. There was no difference in 
total calcium intake between groups or across the study (Figure 4.9A). Weight- 
adjusted calcium intake was significantly greater in gymnasts only at baseline and 6 
months. All girls in the younger group (7-10 years old) had intakes higher than the 
RNI, whereas in the older group (11-18 years old) controls tended to have intakes 
above and gymnasts below the RNI (Figure 4.10A). There was a decreasing trend in 
weight-adjusted calcium intake by age in both groups (Figure 4.1 OB).
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4.2.3.4 Seasonal variation in dietary intake
Table 4.12 presents the results of seasonal variation (spring, summer, autumn) on 
selected nutrient intakes. There were no significant differences in energy (Figure 
4.11 A) or macronutrient intakes between the different seasons. Fibre intake was 
significantly lower in the summer than spring in all subjects and gymnasts (Figure
4.1 IB). Vitamin C intake was significantly lower at 12 months in the autumn than in 
spring in all subjects (92 vs. 75 mg/d, respectively).
p = ns
(between seasons)
^  7 . 8 - •a
- - A" • • GYM
—•  CON
- - « - - A l l
6.8
autumnspring summer
* p < 0.05
(between spring and 
summer)10.5  -
S  10.0 -
•• GYM 
- C O N  
-A l l
u_
autumnspring summ er
Figure 4.11 Seasonal variation in dietary intake -  (A) mean energy and (B) fibre 
intake in the spring, summer and autumn
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Table 4.12 Seasonal variation in dietary intake in (A) all subjects, (B) gymnasts and
(C) controls
A Soring (6 months) Summer (9 months) Autumn (12 months)
All (k 65) Mean SD Mean SD Mean SD
Energy (MJ) 7.6 1.6 7.6 1.8 7.4 1.6
Energy (kcal) 1813 387 1806 436 1764 388
Protein (g) 59 14 60 14 58 13
Fat (g) 73 19 74 23 72 20
CHO (g) 244 54 240 60 235 59
Fibre (g) 10.3 3.8 9.1= 3.5 9.8 3.5
Calcium (mg) 731 244 746 257 735 298
Vitamin C (mg) 92 62 86 . 67 75*^ 56
% of food energy from:
Protein 13 2 13 3 13 3
Fat 36 4 37 5 37 6
CHO 51 5 50 5 50 6
B Soring (6 months) Summer (9 months) Autumn (12 months)
Gym (« 21) Mean SD Mean SD Mean SD
Energy (MJ) 7.3 1.7 6.9 1.4 7.0 1.2
Energy (kcal) 1743 409 1649 334 1673 281
Protein (g) 59 15 60 14 57 11
Fat (g) 69 19 63 20 69 18
CHO (g) 234 59 225 45 220 42
Fibre (g)
Calcium (mg) 677 175 688 240 673 219
Vitamin C (mg) 103 60 88 78 78 56
% of food energy from:
Protein 14 2 15 3 14 3
Fat 36 4 34 6 37 5
CHO 51 5 51 6 49 5
C Soring (6 months) Summer (9 months) Autumn (12 months)
Con {n 44) Mean SD Mean SD Mean SD
Energy (MJ) 7.8 1.6 7.9 1.9 7.6 1.8
Energy (kcal) 1846 377 1881 462 1807 427
Protein (g) 59 14 60 15 58 13
Fat (g) 75 19 79 23 74 21
CHO (g) 249 52 247 65 242 66
Fibre (g)
Calcium (mg) 757 268 773 263 764 327
Vitamin C (mg) 87 63 85 62 73 56
% of food energy from:
Protein 13 2 13 2 13 2
Fat 37 4 38 5 37 6
CHO 51 5 49 5 50 6
, p<0.05 between 6m and 9m; , p<0.05 between 6m and 12m (Repeated measures ANOVA)
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4.2.4 Discussion
The main aim of this study was to investigate the adequacy of diet in young females 
involved in regular gymnastic training. Comparison of their diet with the diet of 
normally active controls has been made. Comparison with data presented in the 
national dietary survey of girls of a similar age (Gregory et al. 2000) and national 
recommendations (Department of Health 1991) has also been made. In general, data 
presented in Chapter 3 regarding body composition and growth rates also give an 
indication about dietary adequacy. Other factors that could reflect dietary sufficiency 
in athletes include level of competitive performance, number and seriousness of 
injuries and presence of eating disorders, but these were not studied.
There are several reasons to assume that young females in aesthetic sports may have 
dietary intakes below their requirements. Firstly, in comparison to adult athletes, 
relative requirements are greater due to growth and maturation. Secondly, in 
comparison to inactive children and adolescents, energy and micronutrient 
requirements may be increased due to strenuous and continuous exercise regime. 
Thirdly, due to the nature of gymnastics, i.e. an anaerobic and aesthetic sport, 
individuals may restrict their habitual food intake.
Previous studies that have reported dietary data in gymnasts often lack a 
comprehensive dietary analysis due to diet being a secondary purpose o f the study 
(main aim often being related to anthropometry and / or skeletal health). Methods to 
study dietary intake have also varied greatly, most studies relying on short-term 
unrepeated diet records or food frequency questionnaires with no information on 
level o f under-reporting. Existing studies have presented conflicting conclusions, 
which is not surprising due to the wide range in the athletic performance level (elite 
vs. competitive) of subjects and ultimately, the lack o f knowledge of gymnasts’ true 
nutritional requirements. There is however a clear trend with diets of the youngest 
gymnasts, under 12 years of age being reported as sufficient (Benardot et al. 1989, 
Cassell et al. 1996, Dyson et al. 1997, Nickols-Richardson et al. 1999, Fogelholm et 
al. 2000, Nickols-Richardson et al. 2000, Zanker et al. 2003), but diets in adolescent
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and collegiate gymnasts reported as restricted especially regarding intakes of energy, 
calcium and iron (Benardot and Czerwinski 1991, Nichols et al. 1994, Kirchner et al. 
1995, Lindholm et al. 1995a, Robinson et al. 1995, Jonnalagadda et al. 1998, 
Weimann et al. 2000).
The overall results from this study suggest that dietary intake of energy and nutrients 
were sufficient in our study population. We can therefore suggest that the majority of 
those involved in the sport of gymnastics at a competitive level in the UK have a 
dietary intake adequate to sustain growth and development.
4.2.4.1 Energy intake
Studies investigating dietary intake in gymnasts and controls most commonly 
compare energy and nutrient intakes as crude values, such as total calorie intake. 
This is not however an ideal method as shown by our data. Crude energy intake was 
found to be significantly lower in older gymnasts (no difference in the younger 
group), whereas weight-adjusted energy intake in gymnasts between ages 9-15 years 
was significantly greater. If just crude data were reported, a general impression of 
gymnasts having inadequate intakes would arise, since it is well recognized that their 
requirements are greater because of high activity levels (Davies et al. 1997). The 
concept of body-size adjustment is perhaps not fully appreciated in dietary studies 
between athletes and non-athletes of varying body-size - especially when gymnasts 
who are ‘average size’ within their own peer-group are compared with ‘average size’ 
controls. Instead, in studies investigating anthropometry and bone health between 
young athletes and non-athletes, there has been a call for body-size adjustment 
between the study and control-groups in the original study design (Seeman 2002).
Total energy intakes for younger and older gymnasts were very similar, as 
demonstrated in Table 4.6 and Table 4.7, as well as in Figure 4.6A for separate age- 
categories. There was however a trend of decreasing weight-adjusted energy intake 
levels when aligned by age-categories (Figure 4.6B). There are several possible 
explanations for this phenomenon.
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Firstly, older gymnasts may have true weight-adjusted lower intake requirements, 
which are perfectly adequate for their needs. This is however unlikely, since essential 
energy needs tend to increase in the older gymnasts both due to pubertal growth spurt 
and longer training hours (from average 18.0 to up to 21.6 hours/week). Results of 
the previous Chapter indicated a normal growth spurt in our gymnasts, although an 
earlier study suggested that gymnasts may not experience the normal growth spurt 
due to vigorous exercise, stress and / or poor nutrition (Theintz et al. 1993).
Secondly, as previous studies have shown, older gymnasts (adolescent / collegiate) 
tend to report lower energy intakes (Nova et al. 2001), which may result from 
purposefully restricting food intake up to the level of having disordered eating habits. 
Likelihood o f severe widespread eating disorders in this group of gymnasts is 
considered minimal, for example due to the normal growth pattern. The prevalence 
of disordered eating behaviour is known to increase in early teenage years (Wood et 
al. 1992) and especially in adolescent athletes, preoccupation with weight and body 
image may manifest itself in either real or apparent dietary restraint (Livingstone et 
al. 1992). This may however not affect the youngest gymnasts to the same extent. 
There is also a lack of compelling scientific evidence to support that eating disorders 
are more common amongst female competitive gymnasts than in the general 
population (Webster and Barr 1995, O'Connor et al. 1996b), although controversy 
certainly exists. Eating attitudes or disorders as such were not studied in this 
investigation, although it would have been interesting to include a relevant 
questionnaire in our study design. Due to the quantitative (not qualitative) nature of 
the original study this was however not done. A study by Weimann et al. (2000) 
evaluated the eating habits of female gymnasts by a standardized questionnaire. They 
found that particularly the older females were aware of their daily body weight, took 
extreme care to consume low caloric food products, were knowledgeable about the 
nutritional components of their daily diet and were susceptible to altering their eating 
behaviours. The authors suggested that these were signs o f triggering factors for 
eating disorders, for example prolonged periods of dieting, an unusual preoccupation 
with nutrition and body weight, frequent weight fluctuations and sudden increases in 
training intensity (Weimann et al. 2000).
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Thirdly, under-reporting is another likely explanation for lower weight-adjusted 
energy intakes in older rather than in younger gymnasts. EI:BMR which gives an 
indication of the level of under-reporting, was surprisingly similar amongst most of 
our subjects (Figure 4.3). The younger gymnasts however had non-significantly 
greater values at annual measurement occasions indicating lowest level of under­
reporting. It has been shown previously that younger children tend to provide more 
accurate food record results and lower level of underreporting than adolescents 
(Livingstone et al. 1992, Bandini et al. 1997). In younger children the overall control 
of diet and responsibility for reporting intakes is usually shared by adults, whereas 
the adolescents are mainly responsible for their own reporting. A combination of 
greater energy requirements, unstructured eating patterns and out-of-home eating and 
snacking contribute to lack of compliance, forgetfulness and consequently 
underreporting (Livingstone et al. 1992). Bandini et al. (1997) also found that the 
accuracy of dietary recording decreases as energy expenditure increases, which could 
have been the case in our older gymnasts. Under-reporting amongst gymnasts has not 
been studied widely, but a study on elite American gymnasts (Jonnalagadda et al. 
2000) classified 61% as under-reporters (EEestimated-BMR <1.44 as cut-off point) 
(Goldberg et al. 1991). Studies using the doubly labeled water method to measure 
energy expenditure have however suggested ELBMR (or PAL; physical activity 
level) of 1.68-1.73 for free-living 7-17 year old females (Black 1996) and a mean 
value of 1.98 was reported for 6-8 year old elite Chinese gymnasts (Davies et al. 
1997). In our study, 46% of gymnasts and 57% of controls could be classified as 
under-reporters (cut-off <1.47, based on Goldberg et al. 1991) including 31% vs. 
47% of younger, and 54% vs. 58% of older gymnasts and controls, respectively. 
Although accurate levels are very difficult to obtain, these data indicate that despite 
providing support during recording, underreporting was indeed commonplace 
especially amongst the older subjects, which needs to be considered in the 
interpretation of the data.
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4.2.4.2 Macronutrients
All macronutrient intakes were very similar between gymnasts and controls, and 
comparable with intakes in the NDNS. This reflects current dietary habits of typical 
British girls in both of our groups. Intake of some nutrients, such as protein (Figure 
4.8A), NMES, were considerably higher than the recommendations, which also 
follows current dietary trends.
Proportion of total energy provided by carbohydrate in this sample of gymnasts, at 
between 50-52%, was lower than a recommendation for adolescent athletes of 55- 
60% (American Dietetic Association 1996a). As gymnastics is mainly an anaerobic 
sport with fast bursts of movement requiring explosive power, high dietary 
carbohydrate ensures full glycogen stores in muscles. A study on 81 female elite ice- 
skaters (mean age 15.9±3.6 years) commented that in practice it is very difficult to 
achieve a high carbohydrate intake (>60% of energy) while consuming a high energy 
diet. Diets based on vegetables, potatoes, rice and grains are often too bulky for 
athletes to consume whilst maintaining energy balance and a regular training 
regimen. Therefore, ice-skaters in their study generally opted for diets high in sugar 
(26% of energy) and average in fat (25% of energy), tending to consume chocolate, 
energy bars, sucrose / glucose mixtures and glucose polymers. The authors suggested 
that increased energy needs of athletes can be addressed by consuming energy-dense 
foods, with sugar and fat being efficient sources of energy per unit volume (Ziegler 
et al. 2001). Although ice-skating is more of an aerobic sport than gymnastics, the 
same comments regarding foods high in sugar as a quick source o f energy and starch 
as slow source of energy apply. The consumption of sugary foods adds to the 
carbohydrate load, without which glycogen refuelling could be sub-optimal. Also, 
despite being top athletes, the gymnasts are normal children and adolescents, who 
like eating sweet, salty and fatty foods and snacks. However, from a healthy eating 
viewpoint, especially if  food intake was restricted, a high-nutrient-dense diet with 
plenty of starchy foods (such as fruit, vegetables and cereals) in preference to sugary 
foods, would secure better nutritional quality of the diet.
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Interestingly, protein intake showed the same trend as energy intake, with no 
difference in total protein intake between gymnasts and controls, but significantly 
higher weight-adjusted intake in gymnasts (Figure 4.7). The intake values (191% and 
141% of the RNI; 2.2 g/kg and 1.7 g/kg for younger and older gymnasts, 
respectively) suggest that dietary protein was sufficient in these gymnasts, covering 
needs of growth and training (restoring tissue lost due to the trauma of exercise, 
replacing nitrogen loss through the skin due to sweating, supporting synthesis of 
muscle mass). Most research on protein requirements in athletes has been undertaken 
in young men, and has shown that those involved in heavy resistance exercise do 
benefit from protein intakes higher than the RNI (Lemon 1996). There is however a 
lack of research on other groups o f athletes, such as children and adolescents during 
rapid growth, and athletes who may consume inadequate energy to maintain ideal 
body mass for their activity. Hence, there are no specific protein recommendations 
for child athletes, but requirements for adult athletes are suggested as 1.2-1.4 g/kg for 
endurance athletes and 1.7-1.8 g/kg for strength exercisers (Lemon 1997). Others 
have suggested protein intake specifically for growing teenage athletes as 1.2 to 1.8 
g/kg/day (cited by Skinner et al. 2001), which is greater than the recommendation for 
non-athletic children and adolescents of around 1 g/kg/day (Pellett 1990). Intake in 
gymnasts in this study exceeded all these recommendations, and potential 
consequences of too high intakes need to be considered. For example, excessive 
protein consumption has been associated with increased urinary calcium excretion. 
However, this may not be the case in teenagers, whose protein requirements for 
growth are likely to be so high that they are in positive nitrogen balance (Matkovic et 
al. 1995).
4.2.4.3 Micronutrients
According to the existing literature, the two minerals causing a concern in the diets 
of gymnasts are calcium and iron (Jonnalagadda et al. 1998, Cupisti et al. 2000). 
These, in addition to zinc, are also commonly insufficient in the diets of adolescents 
(Gregory et al. 2000). The effects of deficiency of calcium include suboptimal bone 
mineralization and of iron, anaemia and mental retardation. Zinc deficiency can
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result in growth retardation, immune dysfunction and developmental delays (Krebs 
2001).
Calcium
Calcium intake can be considered adequate in younger gymnasts, as it was on 
average 128% of the RNI (Figure 4.4B) and both crude and energy-adjusted intakes 
were higher (non-significantly) than in controls. There is however some concern 
regarding low calcium intake in the older gymnasts, since intake on average was only 
85% of the RNI with a trend of lower crude intake values than in controls. Also, 
between ages 12-13 years (Figure 4.10A), a crucial time regarding skeletal growth, 
calcium intake in gymnasts was significantly lower than in controls, reaching around 
670 mg/day in comparison with the RNI of 800 mg/day. This can partly be explained 
by the previously discussed under-reporting which is likely to be high in the older 
gymnasts. In previous studies, calcium intakes in 7-13 year old gymnasts have varied 
between 831-1104 mg/day (assessed by 3-day food diaries) (Dyson et al. 1997, Bass 
et al. 1998, Nickols-Richardson et al. 1999). However, there are considerable 
differences of opinion between countries as to what is the required level of calcium 
intake during adolescence (ranging fro ^  800 mg/day in the UK to up to 1500 mg/day 
in the USA). Therefore, even those intakes which reach the UK national 
recommendation may be substantially lower than what is believed by some countries 
to be the required intake for optimal bone development for children (Cadogan et al. 
1997, Dyson et al. 1997). Sufficient calcium intake is o f great importance to young 
gymnasts, for example in lowering the risk of stress fractures and other skeletal 
injury, especially in case of primary amenorrhoea, which has been associated with 
reduced bone density (Bennell et al. 1997).
Iron
Similar to calcium, iron intake seemed sufficient in the younger gymnasts. Average 
intake was 127% of the RNI, whereas in controls intake was just under the RNI. 
Energy-adjusted intake was significantly higher in gymnasts, which may result from 
the use of dietary supplements containing iron. Instead, data from the older gymnasts 
and controls (as well as from the NDNS) indicate a common problem of low iron 
intake in adolescent girls. Total iron intake in this group actually remained similar to
140
the younger girls, but due to the higher RNI for this age group (14.8 mg/day) only 
around 60% of the RNI was achieved. In gymnasts, low iron intake and iron 
deficiency can cause tiredness, anaemia, inefficiency in training and decline in 
performance, especially in the older girls who are menstruating. Routine monitoring 
of iron stores in female athletes, as well as education regarding bioavailability of iron 
and food selection, has been suggested (Constantini et al. 2000).
Other micronutrients
As calcium and iron are considered the most important nutrients for young athletes, 
there are little data on intakes of other micronutrients in gymnasts. Adequate intakes 
of other trace elements that have been suggested to be essential for good sports 
performance include zinc, manganese, selenium, copper, iron, cobalt, iodine, 
chromium and fluorine (Speich et al. 2001). Sufficient intake o f especially B 
vitamins is important for energy metabolism. The majority of dietary surveys 
conducted on athletic populations indicate that the vitamin and mineral intakes 
usually exceed the recommended levels, provided that a well-balanced diet is 
consumed (Armstrong and Maresh 1996). In our subjects, most vitamin and mineral 
intakes were similar to those reported in the NDNS (Gregory et al. 2000). This again 
indicates that diets in our subjects were similar to the general UK population of 
comparable age and sex. High intakes of phosphorus and sodium are unlikely to 
affect the gymnasts’ athletic performance, but may have an influence on long-term 
skeletal development (Matkovic 1991, Whiting et al. 2001). Low intakes of 
magnesium, potassium and zinc, as found in our older gymnasts, have also been 
reported for participants in activities requiring restriction o f body weight (Lukaski 
2000). These may affect skeletal growth, development and athletic performance.
Vitamins
Intake of vitamins was generally above the RNI for each group. There is no RNI set 
for vitamin D in children and adolescents, as it is assumed that plasma levels will 
remain at sufficient level throughout the year, as long as the skin is exposed to the 
sun during the summer months (Department of Health 1998). However, as 
gymnastics is an indoor sport and girls are usually transported to training facilities by 
car, the time that skin is exposed to the sun may be limited. Dietary intake of vitamin
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D in our subjects was similar to girls’ intakes reported in the NDNS, ranging from
2.1 to 2.5 pg/day. However, this may not reflect nutritional status. Serum 
concentration of 25-hydroxyvitamin D, which is considered the most sensitive 
clinical marker of vitamin D status (Hollis 1996) had no correlation with 7-day food 
recording of vitamin D amongst young Finnish girls (Lehtonen-Veromaa et al. 1999). 
Also, despite dietary vitamin D intake around 5 pg/day in adults, low serum 25- 
hydroxyvitamin D has been reported (Lamberg-Allardt et al. 2001). It is therefore 
difficult to accurately assess the vitamin D status of our subjects based on diet 
records alone.
In addition, a report on elite German gymnasts suggested that despite low dietary 
intake of several micronutrients and vitamins (around 50% of recommendations), 
blood parameters (such as haemoglobin, ferritin, Fe, Mg, Ca, total-protein) were 
within normal age-related ranges (Weimann et al. 2000). Another study found no 
direct relationship between dietary intake of iron and the nutrients related to its 
metabolism or the body reserves of iron (Nuviala and Lapieza 1997). These studies 
indicate that under-reporting explains at least partially the apparent low nutritional 
intakes.
Although dietary supplements were included in the analysis, and between 10-36% of 
gymnasts (4-21% of controls) took them regularly during the study, the need for 
supplementation is questionable. The literature generally indicates that a) moderate 
physical activity does not adversely affect vitamin and mineral nutritional status 
when recommended amounts of these are consumed in a daily diet of well-balanced 
meals, b) supplementation has little of no effect on athletic performance and c) 
excessive vitamin intake, due to the high potency multivitamin and mineral 
formulations may be harmful and cause nutritional imbalances (Armstrong and 
Maresh 1996).
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4.2.4.4 Seasonal variation
According to the analysis on diet records completed during three seasons; spring, 
summer and autumn, it can be concluded that there was minimal variation in dietary 
intake of energy and nutrients between the seasons. There were no clear trends of 
intakes being higher or lower at a certain season, although most nutrient intakes in 
the whole group tended to be lowest in the autumn (at 12 months). The increasing 
level of under-reporting as the study progressed cannot be excluded as partial reason 
for this, although lower general activity levels when returning to school after summer 
holidays is also possible. In addition, lowest vitamin C intake in the autumn suggests 
reduced consumption of fresh fruit and vegetables. Fibre intake was significantly 
lower in the summer than in the spring in all subjects (Figure 4.1 IB). This may 
reflect different eating patterns during summer holidays, such as omitting breakfast 
of high-fibre cereal products due to late mornings.
4.2.5 Conclusion
In conclusion, dietary intake of energy and nutrients in our group of gymnasts can be 
considered sufficient, after comparing data with available reference values. However, 
only by directly measuring total energy expenditure would it be possible to calculate 
accurate energy requirements for this group, but this methodology was not available. 
It was found, that adjusting for body size when comparing intake of energy and 
nutrients between groups is important. This resulted in finding that gymnasts had a 
significantly greater energy intake than controls at most age groups. Energy intake 
was relatively lower in older than younger gymnasts, which may partly result from 
higher level o f underreporting. Results from the previous Chapter on anthropometry 
indicated normal growth pattern in gymnasts, hence also supporting the conclusion 
of general dietary adequacy. Based on our findings, intake of vitamins and most 
minerals was also adequate. Marginally low intakes of some nutrients such as 
calcium, vitamin D, potassium, zinc and magnesium, all important for bone 
development, can however be a cause for concern regarding long-term health and 
athletic performance. Therefore, gymnasts and their parents, as well as coaching staff
143
would benefit from nutritional education emphasising the specific requirements of 
the sport, including consumption of diet with high nutrient density.
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Chapter V
Bone mass development
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5 Bone mass development
5.1 Introduction and aims
Deteriorating bone health is no longer just a problem in the aged. It occurs partly due 
increasingly sedentary lifestyles, and is a growing public health concern (Royal 
College of Physicians 2000). The consequences are still mainly seen in older ages 
with increasing number of osteoporotic fractures, whereas the most effective time to 
positively influence bone health through lifestyle changes (such as exercise) appears 
to be at the other end of the lifecycle i.e. childhood and adolescence (Kannus et al. 
1995, Bailey et al. 1999). Physical activity during the pubertal years has been shown 
to positively influence bone health in adulthood (Lloyd et al. 2000, Uusi-Rasi et al. 
2002). In recent years, research has been undertaken on the effect of varying forms 
of activities on bone development in normally active children, as well as in young 
competing athletes. They have provided evidence of an overall significant 
improvement in bone health with a physically active lifestyle. However, the optimal 
timing for and type of habitual or intense exercise to bring about the most beneficial 
change in bone mineral composition and strength are still under investigation. 
Studies on children participating in intense exercise regimes, such as artistic 
gymnastics, improve our understanding of the effect of high levels of mechanical 
loading on growing bone.
Based on the baseline findings of this study (as presented in MSc Thesis of the 
author) of higher bone mass in young females participating in high impact loading 
exercise in comparison with normally-active / sedentary controls, this Chapter 
investigates further the long-term effects of high-impact loading exercise i.e. 
gymnastic training on PBM development. The aims were to:
1. Investigate the development in bone quantity measures BMC, BMD and 
BMAD at several skeletal sites (total body, lumbar spine, arm, leg, head), as 
well as bone quality indices BUA and VOS across puberty in gymnasts and 
controls.
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2. Examine whether any differences in these bone health indices between 
gymnasts and controls appear at any particular stages during puberty.
3. Compare the annual increase and timing of peak TB BMC between gymnasts 
and controls.
4. Determine the factors influencing TB BMC development in gymnasts and 
controls, with particular reference to dietary determinants.
5.2 Methods
The methodology for data collection and analysis are explained in detail in Chapter 
2 .
5.2.1 Longitudinal statistical analysis
For longitudinal analysis of determinants of BMC, hierarchical random effects 
models were constructed using a multilevel modeling approach (MLwiN version 1.0, 
Multilevel Models Project, Institute o f Education, University of London, London, 
UK) (Goldstein 1995, Baxter-Jones and Mirwald 2004). The analysis was performed 
with assistance from Dr A. Baxter-Jones (University o f Saskatchewan, Canada).
This method was chosen instead of some of the more traditional methods (such as 
ANCOVA or Repeated measures ANOVA) for studying the relationship between a 
dependent measure and an independent measure of growth. Major disadvantages for 
these methods include: ANCOVA, inability to fit time-dependent independent 
covariates; Repeated measures ANOVA, cells must be balanced (i.e. no missing 
measurement occasions are allowed, which often occur in longitudinal growth 
studies) (Baxter-Jones and Mirwald 2004).
Advantages of utilizing a multilevel modeling technique include: 1) it accounts for 
the hierarchical nature o f longitudinal data; 2) unlike traditional statistical analyses 
that require the same measurement occasions for each individual, the multilevel
147
approach allows any pattern of repeated measurements providing statistically 
efficient parameter estimation for missing data; 3) ability to fit growth curves to 
repeated measurements over time, an essential component for examining individual 
differences.
Multilevel modeling is an extension of ordinary regression / ANCOVA where the 
data have a hierarchical or clustered structure. A hierarchy consists of measurements 
grouped at different levels, for example, repeated measures data where individuals 
are measured on more than one occasion. In our analysis, the individuals represent 
the level 2 units (between individual variation), and their repeated measurements at 
each visit represent the level 1 units (within individual variation). The ability o f the 
model to allow subjects to have separate intercepts and also their own slopes of 
growth makes the model ideal to study growth and maturation. Models were built in 
a stepwise procedure, i.e. predictor variables (fixed effects) were added one at a time. 
The difference in deviance between two models has a chi-square distribution and this 
was compared to the degrees of freedom lost, to determine if one model was a 
significant improvement over the other. In this way predictor variables were added to 
the models and were retained if  deviance improved and/or if  the variances at level 1 
and level 2 were reduced. Predictor variables were accepted as significant if  the 
estimated mean coefficient was greater than twice the standard error of the estimate 
(SEE) i.e. p<0.05. If the retention criteria were not met then the predictor variable 
was discarded. To allow for the non-linearity of growth, biological age power 
functions were introduced into the linear models. Once growth and biological age 
were modeled a group effect was incorporated into the models as a categorical factor 
(gymnast = 1 ; control = 0).
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5.3 Results
5.3.1 Cross-sectional bone data
Results for various bone indices at baseline and the percentage-change from baseline 
to 12, 24 and 36 months for pre-pubertal and peri/post-pubertal gymnasts and 
controls are presented in Table 5.1. The actual increase from baseline to 12 and 24 
months for TB and LS BMC and BMD are also shown graphically in Figure 5.1. 
Similarly to the cross-sectional results on anthropometry in Chapter 3.3.1, due to 
different timing in maturation progress not all subjects in the younger group 
remained pre-pubertal. The results show that at baseline there was no significant 
difference in BMC values between gymnasts and controls, but gymnasts had greater 
LS BMD and BMAD (p<0.05). Gymnasts also had significantly greater VOS in both 
groups.
The increase in TB BMC from baseline to 12 and to 24 months was significantly 
greater in pre-pubertal controls than gymnasts, but this is likely to be affected by the 
different rates in maturation. Overall, the greatest actual increase in TB and LS bone 
mass indices over 2 years was in the peri/post-pubertal gymnasts, as shown in Figure 
5.1.
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5.3.2 Longitudinal bone data
The numbers o f DXA scans and chronological age for the gymnasts and controls for 
each biological age category are shown in Table 5.2. At each biological age category, 
gymnasts were significantly older chronologically than controls.
Table 5.2 Number o f DXA scans and chronological age by biological age categories
Biological age Number of scans Chronological age (years)
Gym Con Gym Con
-3 17 9 9.8 ±0.7 *** 9.1 ±0.4
-2 20 22 10.9 ±0.6 *** 10.0 ±0.7
-1 15 20 12.0 ±0.7 *** 11.0±0.7
0 15 22 12.9 ±0.8 *** 12.0 ±0.6
1 14 20 14.1 ±0.7 *** 12.9 ±0.7
2 10 23 15.1 ±0.8 *** 14.0 ±0.6
3 6 11 16.7 ±0.6 *** 15.0 ±0.6
Biological age is calculated as years from PHV. Mean ± SD. *** p<0.001 (t-test).
Figure 5.2 presents scatter plot of TB BMC against biological age for all the DXA- 
measurements from all gymnasts and controls. TB BMC increases with increasing 
biological age, with greater rate of accrual after PHV than before it.
4000
3000
2000
_  1000
■6 ■4 •2 0 2 4 6
Biological age (PHV=0, years)
Figure 5.2 Scatter-plot of TB BMC and biological age
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Table 5.3 shows the bone data (TB and LS BMC and BMD, LS BMAD, BUA, VOS) 
longitudinally by chronological age-categories (age-groups 8-17 years). The same 
data aligned by biological age (categories -3 to +3 years from PHV) are shown in 
Table 5.4 as unadjusted values and in Table 5.5 as values adjusted for height and 
weight (body size is known to be the main determinant o f bone mass in children). In 
addition, the size-adjusted BMC and BMD values for arm, leg and head (BMD only) 
are shown in Table 5.6. The data indicate that there are minor differences in bone 
indices between gymnasts and controls of the same chronological age (except for 
VOS), but the differences (with gymnasts having greater values) become more 
pronounced between gymnasts and controls of the same biological age, especially 
after adjusting for body-size.
Figure 5.3 shows the different presentation of TB BMC data as a) aligned by 
chronological age, b) by biological age for unadjusted values and c) by biological 
age for size-adjusted values. These graphs indicate that only when the stage of 
maturation as well as body size is taken into account, gymnasts appear to have 
significantly greater whole body BMC than controls.
Figure 5.4 to Figure 5.7 demonstrate the bone mass data for various bone indices as 
aligned by biological age and adjusted for body-size. Overall, it is shown that 
gymnasts had significantly greater BMC, BMD and BMAD at LS, arm and leg, as 
well as BUA and VOS, at most biological age-categories. Interestingly, there was no 
difference in head BMD between the groups.
The greatest differences (in %) in most size-adjusted bone variables between 
gymnasts and controls were at biological age-category 0. The difference for BMC 
and BMD at TB was 24% and 13% (respectively), and at LS 43% and 28% 
(respectively), as well as for BUA 45% and VOS 3%. However, the difference for 
BMC and BMD at arms (51% and 23%, respectively) and legs (28% and 20%, 
respectively) was largest at the youngest biological age-category (-3).
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Table 5.3 Bone data by chronological age-categories -  longitudinal presentation
10
Chronological age (years) 
11 12 13 14 15 16 17
GYM 5 13 15 18 15 16 9 9 6 4
CON 3 12 20 21 20 22 17 11 6 3
TB BMC (2)
GYM 953.8 1046.8 1182.5 1303.0 1501.8 1777.1 1836.7 1988.0 2088.0 2337.3
SD 116.4 112.3 148.5 213.6 281.2 385.1 277.9 303.7 253.7 323.0
CON 1060.5 1161.9 1315.5 1444.2 1663.6 2000.0 2276.0 2374.5 2241.3 2219.5
SD 210.3 193.5 235.0 255.3 329.6 308.4 290.7 404.0 316.3 405.0
p-value ns ns ns ns ns ns ** * ns ns
LS BMC tgl
GYM 16.9 18.2 20.5 22.6 26.0 32.8 35.5 38.0 37.6 42.7
SD 2.7 2.2 3.1 4.6 6.7 9.3 7.7 9.4 6.5 10.5
CON 15.0 17.5 20.2 21.9 28.1 34.9 42.6 44.4 41.1 41.8
SD 0.7 2.6 3.5 4.4 6.9 8.2 7.7 10.1 5.8 6.6
p-value ns ns ns ns ns ns * ns ns ns
TB BMD (g/cmb
GYM 0.852 0.872 0.915 0.924 0.96 1.0146 1.038 1.079 1.106 1.141
SD 0.039 0.04 0.053 0.057 0.064 0.0906 0.052 0.074 0.078 0.104
CON 0.878 0.879 0.903 0.928 0.960 1.021 1.082 1.109 1.055 1.043
SD 0.047 0.073 0.072 0.065 0.062 0.075 0.087 0.106 0.072 0.032
p-value ns ns ns ns ns ns ns ns ns ns
LS BMD tg/cmh
GYM 0.761 0.785 0.855 0.862 0.919 1.0224 1.069 1.12 1.159 1.157
SD 0.067 0.076 0.09 0.084 0.112 0.1648 0.143 0.133 0.149 0.234
CON 0.693 0.742 0.773 0.793 0.881 0.9751 1.082 1.116 1.026 1.014
SD 0.011 0.07 0.081 0.093 0.1 0.1062 0.119 0.169 0.098 0.071
p-value ns ns ** * ns ns ns ns ns ns
LS BMAD fg/cmh
GYM 0.162 0.163 0.175 0.169 0.174 0.182 0.186 0.194 0.205 0.201
SD 0.012 0.018 0.019 0.014 0.014 0.021 0.022 0.021 0.022 0.030
CON 0.149 0.153 0.151 0.150 0.157 0.164 0.173 0.178 0.163 0.159
SD 0.001 0.013 0.014 0.014 0.013 0.013 0.017 0.022 0.017 0.019
p-value ns ns *** *** ** ** ns ns * ns
BUA IdB/MHzl
GYM 41.2 47.6 48.1 52.1 61.7 67.9 72.5 76.8 77.9 86.6
SD 10.6 8.7 10.7 10.8 13.4 13.3 13.5 18.1 11.9 17.6
CON 30.3 44.6 47.2 49.7 52.9 57.7 63.3 71.0 72.6 68.3
SD 7.1 10.7 9.2 10.3 11.8 13.0 16.0 13.5 16.7 15.6
p-value ns ns ns ns ** ** ns ns ns ns
VOS (m/sl
GYM 1711 1710 1713 1712 1719 1722 1739 1758 1744 1738
SD 16 26 28 26 35 38 33 33 27 24
CON 1655 1678 1676 1683 1680 1685 1683 1708 1701 1722
SD 33 32 25 38 37 36 42 41 34 77
p-value ** ** *** ** *** *** *** *** ** ns
Unadjusted mean ± SD. * p<0.05, ** p<0.01, *** p<0.001 (t-test). Total n: GYM 110, CON 135.
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Table 5.4 Bone data by biological age-categories: TB and LS BMC and BMD, LS
BMAD, BUA, VOS -  longitudinal presentation
-3 -2
Biological age (years from PHV) 
- 1 0  1 2 3
n Total n
GYM 17 20 15 15 14 10 6 97
CON 9 22 20 22 20 23 11 127
TB BMC fgl
GYM 1113.3 1233.3 1444.3 1724.0 1856.0 2098.4 2338.8
SD 135.7 133.0 209.7 237.2 261.3 207.4 277.2
CON 1128.0 1254.6 1446.7 1597.9 1998.3 2239.1 2359.8
SD 140.8 181.9 217.5 266.2 262.1 261.0 313.5
p-value ns ns ns ns ns ns ns
LS BMC (g)
GYM 18.8 21.4 24.0 31.5 35.5 40.4 43.5
SD 3.1 2.9 4.2 4.2 6.9 7.3 10.1
CON 16.7 19.0 22.1 25.9 35.5 41.5 43.8
SD 1.7 3.1 4.3 5.3 7.0 7.0 6.9
p-value ns * ns ** ns ns ns
TB BMD (g/cmb
GYM 0.891 0.915 0.952 1.010 1.039 1.094 1.148
SD 0.051 0.051 0.053 0.064 0.070 0.044 0.082
CON 0.871 0.904 0.931 0.944 1.024 1.071 1.092
SD 0.063 0.062 0.065 0.072 0.078 0.082 0.086
p-value ns ns ns ** ns ns ns
LS BMD (g/cmb
GYM 0.806 0.859 0.887 1.012 1.076 1.146 1.190
SD 0.090 0.075 0.087 0.092 0.150 0.095 0.189
CON 0.728 0.755 0.806 0.854 0.991 1.057 1.088
SD 0.059 0.073 0.093 0.092 0.116 0.115 0.125
p-value * *** * *** ns * ns
LS BMAD (g/cm^l
GYM 0.168 0.173 0.171 0.182 0.188 0.195 0.204
SD 0.019 0.016 0.015 0.016 0.024 0.016 0.025
CON 0.152 0.151 0.154 0.156 0.166 0.169 0.172
SD 0.014 0.012 0.015 0.013 0.018 0.016 0.019
p-value * *** ** *** ** *** **
BUA (dB/MHzl
GYM 45.8 53.3 58.6 67.1 73.5 83.5 80.9
SD 9.3 10.5 10.8 14.1 15.6 11.8 12.5
CON 43.7 46.0 49.1 51.1 59.9 64.4 66.9
SD 10.6 10.4 9.9 9.9 12.4 14.5 15.3
p-value ns * ** *** *** *** *
VOS fm/sl
GYM 1714 1715 1717 1721 1741 1759 1738
SD 26 27 35 34 40 21 26
CON 1674 1680 1684 1680 1683 1690 1689
SD 39 31 37 32 36 42 45
p-value ** *** ** *** *** *** **
Unadjusted mean ± SD. p<0.05, ** p<0.01, *** p<0.001 (t-test)
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Table 5.5 Bone data (size-adjusted) by biological age-categories: TB and LS BMC
and BMD, LS BMAD, BUA, VOS -  longitudinal presentation
-3 -2
Biological age (years from PHV) 
- 1 0  1 2 3
N
GYM 17 20 15 15 14 10 6
Total n 
97
CON 9 22 20 22 20 23 11 127
TB BMC (g)
GYM 1181.0 1347.1 1580.3 1863.0 2126.3 2392.6 2571.4
SEM 29.8 28.6 34.5 33.7 63.1 63.2 140.1
CON 999.9 1151.1 1344.7 1503.1 1809.0 2111.2 2232.9
SEM 45.7 26.9 29.1 27.0 47.5 34.3 92.5
p-value ** *** *** *** ** ** ns
LS BMC tgl
GYM 19.7 23.0 26.2 34.2 41.6 46.9 48.3
SEM 0.7 0.7 0.9 0.9 2.0 2.6 4.2
CON 15.0 17.5 20.5 24.0 31.3 38.6 41.2
SEM 1.0 0.6 0.7 0.8 1.6 1.4 2.8
p-value ** *** *** *** ** * ns
TB BMD (g/cmb 
GYM 0.908 0.939 0.983 1.042 1.098 1.132 1.162
SEM 0.015 0.014 0.013 0.013 0.022 0.029 0.048
CON 0.838 0.881 0.908 0.921 0.983 0.054 1.085
SEM 0.022 0.013 0.011 0.010 0.017 0.016 0.032
p-value * * *** *** ** ns ns
LS BMD (g/cmb 
GYM 0.828 0.886 0.927 1.053 1.167 1.196 1.228
SEM 0.022 0.019 0.021 0.019 0.042 0.044 0.085
CON 0.688 0.731 0.776 0.824 0.928 1.036 1.068
SEM 0.034 0.018 0.018 0.016 0.032 0.24 0.056
p-value ** *** *** *** ** * ns
LS BMAD fg/cm^l 
GYM 0.170 0.174 0.175 0.185 0.196 0.192 0.199
SEM 0.005 0.004 0.004 0.003 0.007 0.007 0.012
CON 0.147 0.150 0.151 0.153 0.160 0.171 0.175
SEM 0.008 0.004 0.003 0.003 0.006 0.004 0.008
p-value * *** *** *** ** * ns
BUA (dB/MHz) 
GYM 47.5 57.6 61.0 70.6 70.0 80.4 74.5
SEM 2.1 2.1 2.1 2.5 3.5 5.3 6.5
CON 40.7 42.1 47.1 48.6 62.5 65.4 70.4
SEM 3.0 2.0 1.9 2.1 2.9 2.5 4.4
p-value ns *** *** *** ns * ns
VOS tm/s) 
GYM 1709 1713 1714 1723 1729 1741 1718
SEM 6 7 8 7 9 15 17
CON 1683 1681 1686 1679 1692 1696 1700
SEM 9 6 7 6 8 7 11
p-value * ** * *** * * ns
Values adjusted for height and weight (ANCOVA), mean ± SEM. p<0.05, ** p<0.01, *** p<0.001
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5.3.3 Bone mineral acerual
TB BMC accrual velocity (g/year) data across puberty aligned by chronological age 
and biological age are shown in Table 5.7 and Table 5.8, respectively. The results are 
also demonstrated in. As categories in Table 5.8 have been assigned according to 
estimated age from PHV, the TB BMC accrual values for each category are also 
estimates. There were no differences in BMC accrual rates (adjusted for height and 
weight) at any age between gymnasts and controls. Gymnasts achieved their peak 
BMC velocity at age-category 14 years whereas controls earlier, in category 13 years 
(at ages 14.2 vs. 12.8 years (p=ns), respectively). Both groups reached peak BMC 
velocity at biological age-category +1 with no difference in the achieved BMC value 
(256 vs. 292 g/year) (Figure 5.8C).
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Table 5.7 TB BMC velocity in gymnasts and controls by chronological age- 
categories
9 10
Chronological age-categories (years) 
11 12 13 14 15 16
n
GYM 8 10 6 10 9 6 8 4
totaln 
61
CON 6 12 14 17 12 10 6 5 82
Age-centre (vears) 
GYM 9.59 10.58 11.34 12.41 13.45 14.46 15.48 16.59
SD 0.37 0.28 0.26 0.32 0.32 0.29 0.28 0.28
CON 9.56 10.44 11.50 12.54 13.65 14.59 15.60 16.52
SD 0.33 0.27 0.23 0.25 0.23 0.22 0.27 0.37
p-value ns ns ns ns * ns ns ns
TB BMC-accrual (g/vear) 
GYM 120.4 126.6 110.8 162.0 225.8 232.2 231.5 203.9
SD 264 48.0 32.8 89.5 63.1 78.7 83.0 58.1
CON 167.7 173.8 226.1 244.2 277.6 221.8 101.4 104.3
SD 76.7 71.4 125.2 8Z7 119.2 169.9 66J 159.2
p-value ns ns * * ns ns ** ns
p (adj:ht,wt)’ ns ns ns ns
1 A J -  ^
ns ns ns ns
Note: Boxed numbers indicate the peak values.
Table 5.8 TB BMC velocity in gymnasts and controls by biological age-categories
-3
Biological age-categories (years from PHV) 
- 2 - 1 0  1 2
n
GYM 12 11 8 9 10 6 1
total n 
57
CON 4 11 17 13 13 15 7 80
Age-centre (years! 
GYM 9.9 10.8 12.1 12.9 14.2 15.7 16.2
SD 0.6 0.6 0.5 0.8 0.8 0.7 1.0
CON 9.1 9.9 10.9 11.9 12.8 14.1 15.1
SD 0.3 0.6 0.6 0.6 0.5 0.6 0.7
p-value * ** *** *** *** *** *
TB BMC-accrual tg/vear! 
GYM 117.9 104.8 178.7 243.0 256.4 206.5 129.8
SD 30.6 58.5 48.8 59.2 53.6 78.2 -
CON 131.4 173.8 197.2 285J 291.5 182.8 90.9
SD 67.1 53.2 98.7 81.0 115.9 154.9 70.9
p-value ns ** ns ns ns ns -
p (adj:ht,wt)* ns ns ns ns ns ns -
Note: Boxed numbers indicate the peak values (bone mass) and age at peak bone accrual.
164
s(j A/6) iÇ>i30|BA O M S S i
58
S SgS g sg
- I
m (j A/6) Aiio o is a  O M S S i
i§
S gg 8 gg S
(j A;B) A iiooiaA  O M S S i
I
I
ê
I
!
l
.S
I
I I
11
M#en ffl
 ^ IOO «Ü 
«n ^
;  -g
u
165
5.3.4 Determinants of TB BMC
Table 5.9 shows the multilevel regression analysis examining the determinants of TB 
BMC. The analysis adjusts for the developmental changes in maturation, height and 
weight, as well as dietary intakes of energy and protein, and group (Gym/Con). The 
gymnasts were found to have on average 172 g more bone mineral in the whole 
body. This was the same at all ages, as interaction between ‘biological-age and 
group’ was not significant. Both height and weight were significant predictors o f TB 
BMC, with every 1 cm in height and 1 kg in weight predicting an average increase of 
11 g and 22 g of bone mineral, respectively. Energy intake had a small significant 
negative effect on BMC, whereas protein intake had a small positive effect. No other 
dietary factor (Ca, Mg, K, Zn, Cu, Mn, vitamin D or P) was found to have an effect.
Table 5.9 Multilevel regression models of TB BMC
Variables TB BMC
Fixed Effect Estimates
Constant -850.5 ±328 .5
Age (yrs) 57.1 ± 1 6 .4
Biological age  ^(yrs^) -0.54 ± 0.49
Biological age'* (yrs'*) 0.13 ± 0 .0 7
Height (cm) 10.6 ± 2 .3
Weight (kg) 21.9 ± 2 .2
Energy (kJ) -0.014 ± 0 .0 0 6
Protein (g) 1.80 ± 0 .7 6
Group (Con=0, Gym =l) 171.8 ± 2 7 .8
Random Effects L eve l 1 (w ithin individuals)
Constant 3124.8 ±460 .3
L evel 2 (between individuals)
Constant Biological age
Constant 17081.0 ±  2965.7 2271.5 ± 694.7
Biological age 2271.5 ± 6 9 4 .7  294.5 ± 264.4
Values are means ±  SEE (standard error estimate). Fixed effect BMC (g); random effects 
BMC (g^). Biological age = years from peak height velocity (PHV). 
p<0.05 if  mean > 2* SEE.
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Figure 5.9 demonstrates the percentage contributions of each fixed effect in the 
hierarchial model (as in Table 5.9) on the prediction of TB BMC at PHV. In the 
analysis of the whole study-group, height and weight were the strongest independent 
determinants o f TB BMC (55% and 31%, respectively). The exercise-factor had a 
6% influence. Protein intake had a 3.5% positive effect (in quantity this was around 
100 g bone mineral) and energy intake had a similar size negative effect in 
explaining the variation in TB BMC. When the groups were analysed separately, the 
significant protein and energy effects were maintained in the control group with both 
factors having a 4.6% influence on TB BMC. Within the gymnast group, only height 
and weight had a significant influence, and dietary factors had no effect.
1 0 0 % -1
u
sffl
mj-
o
co 50% -
3
C
8
0%
GYMCON ALL
0  Gymnastics 
■ Protein (g/d) 
□ Energy (kJ/d) 
m Weight 
O Height
Note: At PHV Biological age = 0 and therefore makes no contribution to the predicted BMC 
value. Height, weight, energy, protein values were taken from the average values at PHV.
Figure 5.9 Percentage contribution of predictors of TB BMC at PHV
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5.4 Discussion
Prior to the beginning of this 3-year longitudinal investigation on bone health in 
young female gymnasts in 1998, there were no data available for these factors in 
British gymnasts. A small number of cross-sectional studies existed, but based on 
these there was no conclusive evidence that gymnasts suffered widespread from 
‘Female athlete triad’ and/or were ‘Fit but fragile’ (American College o f Sports 
Medicine 1997)? Our cross-sectional baseline results (as reported in MSc Thesis by 
the author) indicated that gymnasts had greater bone mass, as shown by all applied 
bone indices (BMC, BMD, BMAD, BUA and VOS). It was however clear that only 
by implementing a longitudinal study design and carefully adjusting for the 
maturational and size-differences between the subject groups, would it be possible to 
fully elucidate the effects of gymnastic training on skeletal health across the pubertal 
development.
In brief, these longitudinal results provide evidence of sustained higher bone mineral 
mass throughout the years of puberty in girls undertaking impact-loading gymnastic 
training. Axial and appendicular bone measures o f areal and volumetric bone density, 
as well as bone quality, were consistently greater in these girls. The gymnasts had 
over 170 g more bone mineral in the whole body (when biological age, body size, 
energy and protein intakes were controlled), and had up to 24-51% higher BMC and 
13-28% higher BMD (Nurmi-Lawton et al. 2004) (publication in Appendix 14).
5.4.1 Bone mass across puberty
To date, a number of cross-sectional as well as long-term studies (Table 1.2 and 
Table 1.3) along with this research (Nurmi-Lawton et al. 2004) have indicated higher 
bone mass (g, g/cm^, g/cm^) and quality (BUA, VOS) in child, adolescent and 
college-age gymnast in comparison with non-active controls (Taaffe et al. 1997, Bass 
et al. 1998, Nickols-Richardson et al. 1999, Lehtonen-Veromaa et al. 2000a). Some 
have also found a greater increase of bone density in gymnasts over a 12 to 36-month 
period (Bass et al. 1998, Lehtonen-Veromaa et al. 2000a, Laing et al. 2002), although
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this finding has not been conclusive (Courteix et al. 1998, Nickols-Richardson et al. 
1999). The discrepancies may partly result from relatively short follow-up periods 
(usually 12 months) and narrow age groups in these studies.
It is well-known that the timing and tempo of growth and maturation, which 
considerably influence normal bone accrual, vary greatly among children. Growth of 
the skeleton complicates comparison o f sequential measurements in children, and 
size differences between individuals complicate studies comparing groups of 
children (Tanner 1989, Bass et al. 1999, Baxter-Jones et al. 2002, Baxter-Jones et al. 
2003b). Hence, in short follow-up studies with small subject numbers the effects of 
exercise can be masked or confounded by normal growth. The advantages of using 
multilevel modeling approach for determinants of BMC include its ability to account 
for individual growth curves and hence variation in size both between and within 
individuals.
The results in this Chapter were firstly presented cross-sectionally to demonstrate 
that although used in previous studies, this is not the ideal form of presentation due 
to differences in tempo and timing of maturation between the groups. The results 
were then arranged in mixed longitudinal cohorts aligned by i) age and ii) maturity. 
The final results were aligned by maturity and adjusted for height and weight due to 
the above-mentioned reasons. Only by analysing the data in this manner, the 
significant differences in bone mass (as shown for TB BMC in Figure 5.3) were 
revealed. This is the first study to provide bone health data in competitive young 
gymnasts over a 3-year follow-up period with the study group covering the whole 
pubertal development period (from stages 1 to 5). The careful adjustment for 
maturity and body-size make the study unique in its field.
The differences in various bone indices between the gymnasts and controls were 
already seen at pre-puberty, and they remained throughout puberty. The magnitude 
of the difference in TB BMC was the same across age ranges, with 172 g greater 
bone mass in gymnasts. The finding suggests that the differences have arisen during 
the first couple o f years of training (minimum duration of training at the start o f the 
study was 2 years). Interestingly, the difference in bone mass in arms, practically a
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non-loading site in controls, but a heavy loading-site in gymnasts, was already very 
clearly seen in the youngest maturity group. At this youngest stage our gymnasts 
were pre-pubertal. A recent study also found greater BMD in pre-pubertal child- 
gymnasts than untrained children as young as 7-8 years old (Zanker et al. 2003). 
Earlier, a study on young female tennis players found that in players, differences in 
BMD between the playing and non-playing arms existed at all pubertal stages, but 
differences between players and controls only became apparent at pubertal stage >3 
(Haapasalo et al. 1998). A review of exercise-intervention studies on possible critical 
periods for bone response to weight-bearing exercise suggested that early puberty, 
not pre-puberty like our study suggests, might be the time in life when bone is 
particularly responsive to exercise (MacKelvie et al. 2002). Our research does not 
therefore support the evidence that early puberty is the time when exercise results in 
optimal skeletal changes. It is however possible, that the very strenuous gymnastic 
training may have a different impact on bone at a different stage of maturity than less 
vigorous sports or exercise intervention programs which only last for some weeks / 
months.
During adolescence and specifically around the time of the growth spurt in early 
puberty, there is a transient decrease in structural bone density, since bone size 
increases before a corresponding increase in bone mineral mass (Landin and Nilson 
1983, Bailey et al. 1999). In this study, the differences in axial (TB, LS) bone indices 
between gymnasts and controls were at their largest during the years around PHV. 
This suggests that adolescents involved in intensive sports, and perhaps even 
exercise interventions, may benefit from the exercise induced osteogenic stimulus 
specifically during the years around PHV, and not experience the temporary frailty in 
bone mass to the same extent as sedentary children. ^
5.4.2 Bone quality across puberty
QUS indices BUA and VOS provide additional information about bone properties to 
the material properties of bone (mineral mass and density) produced by DXA. Some 
investigations have applied sophisticated methods or analyses such as magnetic
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resonance imaging, peripheral-QCT or hip structural analysis to extract maximum 
information of bone structure and strength (Bradney et al. 1998, Bass et al. 2002), 
but these methods were not available in our study.
Higher BUA and VOS, which were found in our gymnasts and have been shown 
previously (Daly et al. 1999, Lehtonen-Veromaa et al. 2001), can be associated with 
bone that has greater tolerance to loads prior to permanent deformation (micro or 
stress fractures) (Kaufman and Einhom 1993, Turner and Burr 1993). VOS, an 
indicator o f bone elasticity and compressive strength (Kaufman and Einhom 1993), 
was greater in gymnasts but without major increases across puberty in either group. 
This suggests that the physical properties measured by VOS increase with exercise 
independently of skeletal maturation. The precise skeletal properties reflected by the 
ultrasonic measurements however remain to be established.
5.4.3 Bone mineral accrual
Our results showed that there were no differences in annual gain of TB BMC at any 
biological age category between gymnasts and controls (at peak 256 vs. 292 g/year, 
respectively). Some studies have found greater annual increase in bone mass in 
gymnasts (Lehtonen-Veromaa et al. 2000a, Laing et al. 2002), but our results did not 
support this finding. It is possible that due to smaller study groups and less carefully 
assigned maturity groups in these studies, some subjects may have been closer to 
peak velocity than others, confounding the findings. No previous study on gymnasts 
has quantitatively assessed the peak annual bone mineral accmal velocity.
The groups reached peak BMC velocity at the same biological age-category (+1 
years from PHV), although chronologically this occurred significantly later in 
gymnasts (14.2 vs. 12.8 years, respectively). Bailey et al. have also shown peak TB 
BMC velocity to occur around one year after PHV (Bailey et al. 1999). The relation 
between timing and magnitude of peak BMC velocity, and age at menarche within 
groups, was also comparable between the two studies. Methodologically, this was an 
important finding as the biological age-categories were assigned according to
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estimated PHV, not by measured peak height or bone mineral velocity. As the peaks 
occurred in the same category in both groups, the division into biological age 
categories was considered successful. The method however still requires further 
validation in prospective studies.
5.4.4 Determinants of bone mass
The strongest determinants o f bone mineral mass were body size, maturity age and 
exercise, as has been shown before (Rubin et al. 1993, Baxter-Jones et al. 2003b). 
Surprisingly, calcium intake was not found to have a significant effect on BMC 
unlike dietary protein and energy. Many studies have however concentrated on areal 
bone density (BMD, g/cm^) rather than mineral content (Ruiz et al. 1995), which was 
the main outcome in our study. BMD measured by DXA can be misleading during 
growth, since by correcting for area, most of the change in bone size that is precisely 
characteristic of growth is removed (Heaney et al. 2000). The calculation of BMAD, 
which has been developed to overcome this problem, may not be ideal in normalising 
BMD data due to changing geometry (Khan et al. 2000).
A number of studies on adults have separately and in combination addressed the 
issue of nutrition or physical activity effects on skeletal health (Fehily et al. 1992, 
Tylavsky et al. 1992, Welten et al. 1994, Ilich et al. 1998, Lloyd et al. 2000, Uusi- 
Rasi et al. 2002). Restricted amounts of either physical activity or nutrition can have 
detrimental effects on bone health, as extreme cases of anorexia nervosa and bed rest 
have shown. The two factors are also believed to interact, as has been shown for 
calcium and exercise in children and adolescents (Welten et al. 1994, Specker 1996, 
Specker and Binkley 2003, Stear et al. 2003, Wang et al. 2003), although the 
mechanisms are not yet known (Ilich et al. 1998, Lloyd et al. 2000, Uusi-Rasi et al. 
2002). A recent experimental study on 3-5 year old children found a significant 
interaction between calcium supplement and activity groups. It was suggested that 
calcium intake modified bone response to activity (Specker and Binkley 2003).
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It has previously been shown that dietary protein intake is positively associated with 
bone mass in children and adolescents (Bonjour et al. 2001a), and our results clearly 
support these data. It is however difficult to determine the true effect of protein 
during development, since whilst bone mass increases, both protein and total energy 
intakes increase to meet the requirements of normal growth. Also, protein and energy 
effects were found when these were entered in the equation separately, but not as 
‘energy-adjusted protein’. Since protein is one of the energy-providing nutrients, the 
strength of the dietary effects is questionable. Nevertheless, our results provide 
evidence o f an independent positive protein effect on bone mass in sedentary (or 
normally active) girls, after taking into account the influence of normal growth and 
energy intake. One possible explanation for this is that protein intake simply provides 
a marker for good nutritional status and an overall healthy diet. It is also likely that 
dietary protein contributes to bone mass via IGF-I (Cadogan et al. 1997). IGF-I is an 
essential factor for bone formation and also for longitudinal bone growth, because it 
stimulates proliferation and differentiation of chondrocytes in the epiphyseal plate. It 
also has an important role in calcium-phosphate metabolism during normal growth. 
Nutrition has been shown to be a primary regulator of IGF-I (Price et al. 1994, 
Bonjour et al. 2001a). It is not yet clear, and prospective studies are required, to find 
out whether varying levels of normal protein intake can influence bone growth or 
IGF-I levels, and hence modulate the genetic potential in PBM attainment in well- 
nourished children and adolescents (Bonjour et al. 1997b).
Our results also demonstrated an independent negative influence for total energy 
intake, which was an unexpected finding. In theory, greater energy intake and body 
size could be assumed to be beneficial for the skeleton. Larger body size has a 
protective influence on bone health, partly due to greater load-bearing impact and 
supportive padding in the event of trauma. A potential explanation for our findings is 
that protein and energy may act as surrogate markers for dietary quality. Hence, a 
larger proportion of energy firom protein sources (high nutrient density foods; 
positive protein effect), and a smaller proportion of energy from sources high in 
sugars and fats (low nutrient density foods; negative energy effect), could well 
provide the most favourable environment for optimal skeletal growth. Animal studies 
suggest that an increase in the consumption of simple sugars and saturated fatty acids
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may adversely affect bone mass in the long term, by for example disturbing calcium 
metabolism and bone mineralization, immature bones being more vulnerable than 
mature bones (Sarazin et al. 2000).
The analysis also showed that dietary determinants of TB BMC were only significant 
when the control group was analysed alone, but not in the gymnasts-only analysis. 
As stated earlier, this may purely indicate the role of protein intake as an indicator of 
healthy diet. It may also suggest that the manoeuvres associated with gymnastics 
may provide such a strong osteogenic stimulus for bone that single nutrient effects 
cannot be detected (providing the diet is not deficient). This is supported by previous 
studies, as it has been suggested that gymnastic training, rather than differences in 
diet, is a reason for higher bone mass in gymnasts than in controls (Dyson et al. 
1997). A study on collegiate gymnasts suggested that diet was unlikely to be a major 
contributor to the higher IGF-I levels found in gymnasts than in controls, since no 
differences were found in dietary intake (Snow et al. 2000). Physical activity has 
been suggested to be quantitatively more important factor in affecting bone than 
calcium or other nutritional intakes, although both factors are undoubtedly required 
for optimizing the genetic potential for PBM development (Anderson 2000, Baxter- 
Jones et al. 2003a). As stated by Heaney, ‘the more one exercises, the more bone one 
will have - nutrition permitting’ (Heaney 1996). Further research is needed to 
understand the role o f dietary balance, including the important contribution from 
protein intake, in both normal and exercise-induced bone gain during growth.
5.4.5 Conclusion
In conclusion, the female artistic gymnasts were found to have consistently higher 
bone mineral mass from pre-pubertal to post-pubertal years. Areal and volumetric 
BMD, as well as bone quality measures also indicated significantly better bone 
health in gymnasts. This study demonstrated that the benefits already appear in the 
early pre-pubertal years. Further research is however required to determine the 
optimal timing and mechanisms of action for exercise to influence PBM, and also 
whether the observed benefits persist into later life.
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Along with body size, maturity age and exercise, dietary protein and energy were 
shown to have an independent influence on bone mass in young sedentary females, 
thus highlighting the importance of dietary determinants of PBM. These effects were 
not found in girls involved in gymnastic training, hence proposing that in physically 
active individuals, due to the strong independent effect from exercise, single 
nutrients may not express such an important role in achieving optimal PBM.
This study was conducted on young females involved in regular intensive training, 
and therefore direct application of the results to the general population may not be 
entirely justified. It however appears, that regular weight-bearing exercise can be 
recommended as a viable public health measure to improve skeletal health amongst 
the population.
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Chapter VI
Bone metabolism 
markers
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6 Bone metabolism markers
6.1 Introduction and aims
It is only recently that the measurement of biochemical markers of bone turnover has 
been recognised as a useful method in bone health research, especially in children 
and adolescents. Also, they have not been widely used when investigating increased 
bone mass related to a physically active lifestyle. Therefore, the aims of this Chapter 
were to:
1. Examine the changes in markers o f bone turnover during normal growth and 
maturation.
2. Compare differences in bone formation and resorption in physically active 
and inactive girls.
3. Investigate the association between turnover markers and changes in different 
events of skeletal growth such as annual increase in height, leg length and 
sitting height velocities, BMC and BMD accrual.
6.2 Materials and methods
Frozen blood and urine samples (collection procedure described in Chapter 2.8) were 
delivered to the Department of Clinical Chemistry at Royal Liverpool Hospital, UK, 
for the analysis of bone metabolism markers by Professor W. Fraser and his group. 
Staff in this laboratory routinely performs analysis of bone markers and are very 
experienced. It was therefore considered an optimal location for the work to be 
carried out. Blood samples were used to determine BALP, PINP and CTX 
concentrations, and urine samples to determine the excretion of PYD and DPD (refer 
to Appendix 1). After measurements were completed, raw data were provided to the 
author (JN-L) for statistical analysis.
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Pyridinoline (PYD) and deoxypyridinoline (DPD)
Urinary free PYD and free DPD were measured by a modification of the high- 
performance liquid chromatography method described by Black et al (Black et al. 
1988). Acidified urine was applied to microgranular cellulose (CC31) in butanol (%) 
and washed before elution with heptafluorobutyric acid (0.1%). The eluent was then 
analysed by ion-pair reverse-phase HPLC using fluorescence detection. Acetylated 
PYD (Quidel/Metra Biosystems, Oxford, UK) was used as an internal standard. 
Creatinine was measured in urine by standard automated techniques (Roche, Lewes, 
UK) and results are expressed as free PYD/Creat and free DPD/Creat (nmol/mmol). 
The interassay CV for both crosslinks methods was <5.5% across the working 
concentration range for the assay, established by performing repeated analysis of a 
range of patient and quality assurance samples (MacDonald et al. 1997).
Collagen type I  cross-linked C-telopeptide (CTX)
Serum CTX was measured using an electrochemiluminescent immunoassay (ECLIA) 
on an Elecsys 2010 immunoanalyser (Roche, Lewes, UK). Inter-assay CV was <8% 
between 0.2 and 1.5 ng/ml. The assay sensitivity (replicates of the zero standard) was 
<0.01ng/ml.
Bone specific alkaline phosphatase (BALP)
Bone specific alkaline phosphatase was measured using a commercial immunometric 
assay (Metra Biosystems, Oxford, UK) with a sensitivity of 0.7 U/L and a CV of less 
than 8% across the range 12-100 U/L.
Amino-terminal propeptide o f  type I  procollagen (PINP)
PINP was measured in serum/plasma by radioimmunoassay (RIA) supplied by Orion 
Diagnostica (Espoo, Finland). This assay has a sensitivity of 4 ug/L established from 
precision profiles (22% coefficient o f variation o f duplicates) and a inter-assay CV of
3.5 - 5.4% across the concentration range 10 -  250 ug/L.
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6.3 Results
6.3.1 Association between bone turnover markers
There was a strong significant association between all measured markers of bone 
turnover (Table 6.1). Formation markers were more strongly associated with each 
other (BALP-PEST r=0.62) than with resorption markers (BALP-DPD r=0.42).
Correlation coefficients for the PYD in and 2"^ morning urine samples varied 
between r=0.859-0.919 (p<0.001) and of DPD r=0.848-0.911 (p<0.001) depending 
on the measurement occasion (Figure 6.1). Analysis using a paired t-test showed no 
difference between the two samples in the whole group, or in gymnasts and controls 
separately, at any stage o f the study.
Table 6.1 Correlation between markers of bone turnover at baseline
BALP PINP PYD r* PYD 2"^^ DPD T' DPD 2"^
PE4P 0.62*** .
PYD T‘ 0.51*** 0.58*** -
PYD 2“^ 0.41*** 0.53*** 0.86*** -
DPD T* 0.44*** 0.49*** 0.83*** 0.69*** -
DPD 2"'^ 0.42*** 0.47*** 0.76*** 0.83*** 0.90***
CTX 0.26* 0.37** 0.43*** 0.46*** 0.36** 0.31**
Spearman correlation. * p<0.05, ** p<0.01, *** p<0.001.
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Figure 6.1 Scatter plot for PYD (A) and DPD (B) and 2"  ^morning samples in all 
subjects (all measurement occasions included)
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6.3.2 Baseline results
Table 6.2 presents the baseline values (adjusted for height and weight) of bone 
turnover markers for gymnasts and controls. There were no significant differences in 
mean values of formation markers between the groups (p=0.20-0.26), although there 
was a trend for gymnasts to have greater concentrations. Resorption markers showed 
varied results. In the morning samples, but not 2"  ^morning samples, there was a 
significant difference in PYD and DPD between gymnasts and controls, with 
gymnasts having lower excretions. Concentration of CTX, which had a non- 
parametric distribution, was also significantly lower in gymnasts (p=0.01; Mann- 
Whitney test).
Table 6.2 Metabolism markers at baseline in all gymnasts and controls (adjusted for 
height, weight)
GYM
Mean SE
CON
Mean SE
p-value
(ANCOVA)
Formation markers
BALP (U/L) 111.4 5.6 100.9 5.3 0.20
PINP (ug/L) 553.7 30.9 501 29.7 0.26
Resorption markers
PYD - T‘ (nmol/mmol Cr) 70.7 3.7 82.5 3.3 0.03
PYD - 2"^ 72.3 4 81.6 3.6 0.11
DPD - (nmoFmmol Cr) 17.5 1.1 21 1 0.04
DPD - 2 ’^'* 17.7 1.1 20.7 1 0.07
CTX (ng/ml) * 0.27 0.12-2.26 0.48 0.11-1.45 0.01
* median, range (Mann-Whitney test) (non-parametric). Cr = creatinine.
6.3.3 Longitudinal results by pubertal stage
Figure 6.2 to Figure 6.6 show the longitudinal unadjusted data for the formation and 
resorption markers in gymnasts and controls. The data are presented as box-plots 
categorized by Tanner breast stages 1-5. The figures demonstrate the differences in 
medians and distributions of the markers between gymnasts and controls. Due to 
individual subjects results appearing more than once in a breast stage category, 
statistical testing was not performed.
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Figure 6.2 BALP in gymnasts and controls by pubertal stages (breast stages 1-5)
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Figure 6.3 PINP in gymnasts and controls by pubertal stages (breast stages 1-5)
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Figure 6.4 DPD (A) 1*^ and (B) 2"^ morning sample in gymnasts and controls by pubertal stages 
(breast stages 1-5)
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Figure 6.5 PYD (A) and (B) 2”^ morning sample in gymnasts and controls by pubertal stages 
(breast stages 1-5)
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Figure 6.6 CTX in gymnasts and controls by pubertal stages (breast stages 1-5)
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Figure 6.2 for BALP indicates a higher median in gymnasts at breast stage 2, 
whereas with the other formation marker, PINP, gymnasts seem to have a greater 
median at breast stage 3 (Figure 6.3). The two samples for PYD and DPD show 
similar distribution of results with gymnasts generally having lower excretion at pre- 
and early-pubertal stages (Figure 6.4 and Figure 6.5). Figure 6.6 for CTX shows no 
clear difference between the groups, but indicates a great variation at some pubertal 
stages.
6.3.4 Longitudinal results by biological age
Figure 6.7 to Figure 6.10 show the longitudinal data adjusted for height and weight 
for all bone turnover markers aligned by biological age. Both formation markers 
BALP and PINP (Figure 6.7 and Figure 6.8) demonstrate greater bone formation in 
the oldest categories in gymnasts. The difference was significant at category 3 for 
BALP and categories 2 and 3 for PINP. For BALP, gymnasts also present greater 
concentrations in some of the younger categories but the trend was inconsistent. For 
PINP, no difference was shown in the youngest categories between gymnasts and 
controls.
Results for and 2"  ^ morning samples for PYD and DPD present similar 
longitudinal curves (Figure 6.9 and Figure 6.10). Figure 6.10 on DPD shows 
significantly lower excretion in gymnasts at biological age category -1 (p<0.02), age 
before PHV, whereas for PYD the same trend can be seen without statistical 
signifieanee (Figure 6.9). Also, these figures indicate greater resorption in gymnasts 
at biological age category +3, although this only reaches the level of significance in 
the morning sample for PYD (p<0.04).
Results are not presented for CTX, since due to non-parametric distribution of the 
marker, it was not possible to obtain height and weight adjusted values.
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Figure 6.7 BALP aligned by biological age
(mean, SEM. Adjusted for height and weight) * p<0.05 (ANCOVA)
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Figure 6.8 PINP aligned by biological age
(mean, SEM. Adjusted for height and weight) * p<0.05 (ANCOVA)
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6.3.5 Association between bone turnover markers and skeletal growth
Results were examined to see whether markers eollected at the start / end of the 
height-velocity measurement period provided varying results. No great differences 
were shown to exist between the correlation values between bone markers eollected 
at baseline / 6m / 12m and height velocity during the l^V 2"  ^six months / l ^  year of 
the study) (Appendix 13). All correlations showed p-values o f <0.001, but height 
velocity during the year o f the study was more strongly associated with markers 
measured at 12 months than at baseline / 6 months (except for BALP). Hence, in the 
following analyses results o f markers collected at 12 months have been used.
Associations between bone turnover markers and height / sitting height / leg length 
velocity are shown in Table 6.3. There was a significant correlation between all 
markers and height velocity in all subjects, as well as in gymnasts and controls 
analyzed in separate groups. Bone formation markers, especially PINP, had the 
strongest association with height velocity (PINP r=0.760; BALP r=0.616, in all 
subjects). Correlations between markers and leg length were also significant 
(r=0.420-0.585, p<0.001). Sitting height was generally not correlated with bone 
markers, with some exceptions on the PINP and PYD sample.
Table 6.4 presents Pearson correlation coefficient values between bone turnover 
markers and height velocity, BMC and BMD accrual (between baseline and 12 m). 
Figure 6.11 demonstrates these associations with formation marker PINP. In addition 
to the strong association with height velocity, bone turnover markers (except BALP) 
and BMC accrual had a weak association (r=0.262-0.310, p<0.02) in the whole 
group. These remained significant after adjustment for height and weight. All 
significant associations on TB BMC disappeared when gymnasts were analysed 
separately. No association was found between markers and change in BMD, apart 
from a weak association with PINP after adjustment for height and weight (r=0.310, 
p<0.02 in all subjects). Annual changes in BUA and VOS were not associated with 
the markers (not shown in Table), except for a weak correlation between PINP (at 
baseline and 6 m) and change in VOS (r=0.26, p<0.03), which remained significant 
after adjustment for height and weight.
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Figure 6.11 Associations between PINP and (A) height veloeity, (B) TB BMC 
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6.3.6 Determinants of bone turnover markers
Table 6.5 presents multiple regression models for bone turnover markers measured at 
baseline in all subjects {n 59-68, depending on the marker). Approximately 40% and 
20-25% of the variation in bone formation and resorption markers (respectively) 
were explained by the models. Factors related to growth velocities were the strongest 
determinants. Group (gym / con) was a significant predictor for PYD (1®^ sample), 
indicating lower excretion in gymnasts. Physical activity-time (min/wk) was a 
significant predictor for PINP, indicating higher concentration of formation marker 
with increasing time spent in exercise. Magnesium intake predicted variation of 
BALP and DPD (L^ sample), but no other dietary variable reached significance in 
secondary analyses (not shown). Interestingly, height, weight, age from PHV and 
pubertal stage (dummy variables of Tanner breast stage) were not significant 
predictors for any of the bone markers in secondary analyses.
Table 6.5 Multiple regression models for bone turnover markers (at baseline)
Regression models Adjusted Constant Standardized 
Coefficients 3
P
BALP 0.407 30.2
height velocity 0.593 <0.001
fat mass -0.279 0.011
Mg intake 0.259 0.022
PINP 0.374 217.7
height velocity 0.392 0.001
PA-time 0.244 0.027
TB BMC velocity 0.244 0.034
PYD f 0.256 55.9
height velocity 0.5 <0.001
group (gym=l / con=0) -0.232 0.032
0.248 50.0
height velocity 0.509 <0.001
DPD T' 0.245 2.9
leg length velocity 0.404 0.001
TB BMC velocity 0.243 0.029
Mg intake 0.235 0.035
DPD 2^ 0.205 12.0
leg length velocity 0.367 0.002
TB BMC velocity 0.239 0.036
leg length / TBBMC velocity (whole-year velocity from baseline to 12m), lean mass, fat 
mass, group (gym/con), physical activity(PA)-time (min/wk), dietary intake (energy. Mg).
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6.4 Discussion
Unlike the use of DXA in measuring bone mass in children, bone turnover markers 
are a very recent method for assessment of bone health in the younger population. 
Our results add considerably to the knowledge on markers in children across puberty, 
and also provide an aspect related to physically active girls with increased bone 
mass. Still, there are several challenges in interpreting new results and comparing 
them with existing studies, which may have for example used different 
methodologies.
Bone turnover in children is under the influence of maturation as well as skeletal 
growth. Research on the effects of exercise on bone metabolism (and growth itself) 
in this complex system is still at an early stage and no clear trends have yet been 
determined. Conclusions drawn from studies conducted in adults and children are 
sometimes mixed, although it is known that bone metabolism between these groups 
varies considerably. The response of bone metabolism to exercise in children may, 
for example, vary according to stage of maturation. There are numerous influencing, 
independent factors, which need to be controlled in future research on bone turnover 
markers. This study provides data on bone metabolism in physically active and 
inactive girls which is i) longitudinal, ii) throughout pubertal development and iii) 
aligned by biological age (based on PHV). Still, there are certain limitations in this 
study, such as differences in body size and body composition between the groups, 
and alignment o f subjects by estimated rather than true PHV.
6.4.1 Markers and pubertal maturation
There was a significant correlation between all the markers. Although there are 
various markers reflecting both bone formation and resorption, they do not always 
show a parallel response to puberty. Like Mora et al. (1999) who found higher 
correlation between PYD and DPD (r=0.89), than between OC and BALP (r=0.35) 
(Mora et al. 1999), our correlation between PINP and BALP was lower (albeit 
marginally) than between resorption markers. They suggest that the relatively weak
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correlation of the formation markers may reflect the expression of these proteins at 
different stages of osteoblast development and synthetic activity.
The data on markers between gymnasts and controls were presented as baseline and 
longitudinal results. Although baseline results cannot be used to provide conclusive 
information due to the large variation in biological ages, they do give an indication of 
the overall direction of the results. Longitudinal results aligned by breast stages and 
by biological age provide information stretching throughout puberty. Our data 
suggest that gymnasts may have lower bone resorption and hence reduced activity of 
osteoclasts in early pubertal years, but higher bone formation and activity of 
osteoblasts in late puberty.
During pre- and early pubertal years, there were no clear differences in formation 
markers (some inconsistencies in BALP) between the groups, neither were there 
pronounced differences in resorption markers at this stage. In mid-puberty, controls 
reached their peak in DPD ‘one year before PHV’ compared to ‘at PHV’ in 
gymnasts. This difference in timing may simply be related to inaecuracies in subject 
categorizing. It may, however, suggest an earlier and more pronounced start o f the 
growth spurt in controls, although no significant differences were found in height 
velocity at any stage between gymnasts and controls. Interestingly, similar to 
gymnasts in our study, boys have been observed to have a peak in PYD and DPD 
excretion two years later than girls (Mora et al. 1998) reflecting their later pubertal 
development.
At late puberty, the significantly higher bone formation and higher resorption found 
in gymnasts can be hypothesized to result for example from prolonged statural 
growth until growth plates are completely calcified and continuing increase in bone 
mass and size in gymnasts. Also, since the markers are not specific for bone, their 
excretion rate may be elevated because o f the active metabolism occurring in the 
body coimective tissue (Mora et al. 1998). Nichols et al. (1994) found higher 
concentration of the formation marker OC in college-age gymnasts than in controls 
(Nichols et al. 1994). Overall, there seem to be differences in levels o f bone turnover 
markers between gymnasts and controls at different stages o f pubertal maturation.
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However it cannot, as yet, be concluded, what proportion of the difference is related 
to normal growth and maturation and how much to exercise.
6.4.2 Markers and exercise
It has previously been proposed, that the maximal effect of exercise on bone 
formation occurs early in the course of the adaptation to training (Eliakim et al. 
1997). Daly et al. (1999) found no difference in formation markers between young 
male gymnasts and controls, and suggested that loaded skeletal sites may already 
have adapted optimally to the high functional loads associated with training (Daly et 
al. 1999). This also relates to our findings, as changes in bone mass had already 
occurred in pre-puberty prior to study participation. Unfortunately, we have no data 
on bone markers at that time.
Nichols-Richardson et al. (1999) suggested in a short follow-up study that reduction 
in PYD and DPD in pre-menarcheal gymnasts over time may indicate a trend for a 
decrease in bone resorption. In addition, as controls had a moderate decrease in OC 
over time whereas gymnasts had an increase, the authors suggest that bone formation 
was more active in gymnasts than in controls. Furthermore, they state that such 
changes in the coneentration of the markers over time may provide insight into 
increases in various BMD results during the course of their study (Nickols- 
Richardson et al. 1999). Lehtonen-Veromaa et al. (2000) reported a significant 
association between markers and 1-year change in FN and LS BMD in all subjects 
(Lehtonen-Veromaa et al. 2000a). Jaffre et al. (2001) concluded that the coexistence 
of bone hyper-resorption, a finding based on measurement of one marker (CTX), and 
higher BMD in gymnasts suggest that increased turnover resulted in increased BMD 
(Jaffre et al. 2001). These suggestions, stated in the above papers have been based on 
either cross-sectional or short follow-up studies on subjects from across pubertal 
stages. They consistently related findings on the levels of the bone markers with 
change in BMD, which based on our results as well as previous studies, may not be 
the most appropriate approach.
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6.4.3 General
An important consideration when interpreting our results is to explore which aspect 
of bone metabolism they actually represent. Our longitudinal data collected over two 
years on girls throughout puberty showed that the levels of metabolism markers were 
not associated with changes in BMD, and only weakly associated with changes in 
BMC. Strong association was instead detected between all markers and changes in 
statural growth. This was also found by Cadogan et al. (1998), who concluded that 
bone markers were moderately related to height gain, but were not predictive o f bone 
gain (Cadogan et al. 1998). Our multiple regression analysis also showed statural 
growth (height and leg length) velocities, to account for most of the variation in 
formation and resorption markers.
There was a strong correlation in controls between the levels of bone markers and leg 
length velocity, but no association with sitting height velocity. This was an 
interesting finding, which to our knowledge has not been reported previously. In 
gymnasts, sitting height velocity was however assoeiated with some of the markers 
(PINP and PYD). Using multiple regression analysis, leg length (but not sitting 
height) velocity and TB BMC velocity were shown to be significant determinants 
explaining variation in excretion of DPD. Whilst limb growth is an early event of 
growth spurt (precedes the peak for the trunk by around one year), TB BMC velocity 
is a late pubertal event. The implications of this finding in relation to bone markers 
and growth of different body segments are not clear and further research is required.
It is known that in children and adolescents, modeling and remodeling of bone tissue 
cannot be independently assessed using bone markers. During the growth spurt, 
modeling is responsible for most o f the formation and resorption. In later puberty, 
remodeling becomes more prominent and modeling gradually decreases along with 
slowing statural growth (Mora et al. 1999). It is therefore likely, that variations in 
markers in our study reflect, to some extent, both bone modeling activity and 
longitudinal growth. Also, as statural growth is region specific (appedicular vs. axial 
growth) and growth in bone size (within periosteal envelope) differs from mineral 
accrual, there is clear heterogeneity in skeletal growth. It is not yet known whether
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bone markers can distinguish between growth in size and growth in mass (Szulc et al. 
2000).
Research by Mora et al. (1999) did suggest that there is a differential relationship 
between the various structural parameters of the growing skeleton and different bone 
markers. They concluded that while markers of bone formation are associated with 
the material density of bone (cortical BMD), markers of bone resorption are 
associated with the volume of bone (cortical bone area) (Mora et al. 1999). Our study 
did not provide results separately on cortical and cancellous bone, and hence 
comparable analysis was not performed. Further research is needed to investigate 
whether markers can provide information on different skeletal envelopes with 
potentially different rates of bone turnover.
6.4.4 Sample collection
There are several factors, both intrinsic and extrinsic, that can influence our findings. 
For example, it is recommended to express urinary markers correeted for creatinine 
(or per kg weight or per body surface area) (Szulc et al. 2000). This can, however, 
introduee a confounding influence when comparing urinary markers in physically 
active and inactive individuals, as active people have greater muscle mass and 
potentially greater natural excretion of creatinine. On the other hand, the active girls 
(gymnasts) were smaller in size and may from this viewpoint have lower natural 
excretion o f creatinine.
Although BALP, PINP, PYD and DPD levels are not influenced by food intake, 
serum CTX levels are strongly influenced by food intake aecording to the literature 
(spécifié foods with an effect were not identified). Therefore, samples need to be 
obtained whilst subjects are in the fasting state (Seibel 2002). Since our samples 
were collected in the non-fasting state, the CTX results cannot be considered entirely 
reliable.
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Some groups (Woitge et al. 1998b), but not others (Blumsohn et al. 2003), have 
reported a seasonal variation in the levels of bone metabolism markers in adults. Our 
sample collection was undertaken either between October-December (baseline, 12m 
and 24m) or between April-May (6m), which may have influenced the values 
obtained. Comparison of seasonal values was not undertaken in our study, due to 
heterogeneity of maturational status and simultaneous confounding changes in 
development amongst the subjects. In addition, menstrual cycle is known to cause 
some changes in bone turnover markers throughout the cycle (between 15-30%). The 
effect is however small and may be regarded as insignificant (Delmas et al. 2000).
For PYD and DPD, we asked subjects to provide both and 2"  ^ morning urine- 
samples. This was because the 24 hr collection from a large number of young 
subjects was not considered a practical approach (Szulc et al. 2000) and also because 
at the time of the study there was no agreement on best timing for a urine sample. 
Current studies in adults instruct that after an over-night fast, a sample from the 2"  ^
morning void should be collected (around 2 hours after the morning void) (Black 
et al. 2003). Due to the large circadian variation in most markers, timing of the 
sample collection should be tightly controlled (Delmas et al. 2000). We asked for 
spécifié timing of the sample collection only at the last measurement occasion (at 
24m). The samples were collected between 6.45am - 11.30am, and the 2"  ^
samples between 7.40am - 5.45pm, indicating large differences in times at which 
samples were provided. Overall, the correlations between the and 2"^ sample for 
both PYD and DPD were high suggesting that there is no considerable variation in 
excretion of these markers between the two samples, and that either sample could 
have been used singly. However, studies conducted on free-living children are 
associated with potential bias from incorrect urine sample collection.
6.4.5 Conclusion
These results provide novel information on bone metabolism markers in young 
physically active and inactive / normally active girls. The research was longitudinal, 
across puberty and carefully adjusted for maturational stage. The results indicated
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that there was a distinct increase in all markers at mid-puberty. There was also a 
significant difference in bone formation and resorption between the two groups. The 
gymnasts seemed to have both lower bone resorption (osteoclast activity) in early 
pubertal years, and higher bone formation (osteoblast activity) in late puberty. 
Although the markers were found to better reflect statural growth than growth in 
bone mass, these findings may in part explain the well-documented findings of 
increased bone mass in physically active girls. The full implications of these findings 
are not entirely clear and further research is indeed justified.
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Chapter VII
Familial comparison
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7 Familial comparison
7.1 Introduction and aims
The results presented in Chapters 3 and 5 demonstrated that the girls involved in 
regular high-impact loading gymnastic training were smaller in size but had 
advanced bone health throughout pubertal development than sedentary / normally 
active girls. It was also indicated that smaller stature in gymnasts is at least partly 
inherent, since both parents of gymnasts were shorter than parents of controls. As 
genetic factors are known to explain a major proportion o f PBM, it was unclear 
whether high bone mass in gymnasts was purely an inherited feature, or whether it 
was rather exercise-related. The aims of this Chapter were to:
1. Compare anthropometry, dietary intake and lifestyle information between the 
mothers of gymnasts and mothers controls.
2. Investigate the differences in bone health indices of bone quantity (BMC, 
BMD) and bone quality (BUA, VOS) between the two mother-groups.
3. Explore the familial resemblance in bone mass indices between gymnast and 
their mothers, and controls and their mothers.
7.2 Methods
The methods used in this Chapter are presented in detail in Methodology (Chapter 2). 
In the comparison of mother-daughter pairs, only pre-menopausal mothers and only 
one child per family (eldest) were included in the analyses. Pearson correlation 
eoefficients o f TB and LS BMD Z-scores for the mother-daughter pairs were 
calculated to determine the strength and the direction of the relationship within the 
pairs. Z-scores were obtained from the DXA manufacturer data, and they are a 
measure of the deviation of each subject from the normative population mean 
permitting comparison between subjects of groups who vary in age.
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7.3 Results
7.3.1 Anthropometry and bone health
The basic anthropometry and bone health data of the mothers o f the gymnasts (G- 
mothers, n 27) and controls (C-mothers, n 26) are shown in Table 7.1. There was no 
differenee in age between the two groups. Although the G-mothers were significantly 
shorter, lighter and had lower body fat percentage, both groups had normal BMI. No 
differences were found in BMD values or T-scores at any measurement site. 
Significant differences were found in BMC at TB, FN and trochanter, where the G- 
mothers had lower values. All these differences however disappeared when data 
were adjusted for height and weight. In the ultrasound indices, the G-mothers had 
significantly higher VOS (disappeared after adjustment for size).
7.3.2 Other descriptive data
Women in both groups had on average two children (Table 7.1). Regarding the state 
of menopause, the subjects were classified into five groups: i) pre-menopausal, ii) 
peri-menopausal, iii) <5 years post-menopausal, iv) >5 years post-menopausal or v) 
on HRT (Table 7.2). The majority (70-77%) of the mothers were pre-menopausal, 
16-23% were peri- or post-menopausal. Fifteen percent o f the C-mothers were 
currently on HRT.
Around 15% of the mothers in both groups were current smokers. O f the current non- 
smokers, 19% of the G-mothers and 42% of the C-mothers were past smokers. Most 
(75-93%) mothers consumed some alcohol. The majority of G-mothers consumed 1- 
6 units/week, whereas the majority o f C-mothers consumed 7-14 units/week.
There were no significant differences in reported present or past physical activity 
levels between the groups (Table 7.1, Figure 7.1), although there was a trend with a 
larger proportion of G-mothers classified as ‘active’ and C-mothers ‘moderate’ 
according to walking and strenuous activities in the past. Also, three o f the G- 
mothers reported having been gymnasts in their youth.
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Table 7.1 Anthropometric and bone data of the mothers of gymnasts and control
Mean
G-mothers (n 27)
SD Min Max Mean
C-mothers (n 26)
SD Min Max
Age (years) 43.0 4.8 33.8 51.2 43.7 5.8 32.9 57.9
Height (m) 1.59" 0.05 1.49 1.69 1.65 0.06 1.51 1.77
Weight (kg) 61.5" 10.5 39.6 87.1 70.2 14.6 55.8 115.6
BMI (kg/m^) 24.6 4.8 15.5 38.3 25.8 5.2 20.6 39.1
Body fat (%) 24.7" 9.0 3.8 42.8 30.0 8.2 18.8 46.6
Lean mass (kg) 42.9 3.1 37.3 48.1 45.0 4.4 38.2 58.3
TB BMD (g/cm^) 1.180 0.074 1.019 1.322 1.181 0.086 1.014 1.321
TB BMC (g) 2598" 318 1970 3323 2826 412 2114 3872
TB T-score 0.635 0.921 -1.375 2.413 0.683 1.094 -1.438 2.400
LS BMD (g/cm^) 1.257 0.152 1.029 1.606 1.242 0.170 0.958 1.518
LS BMC (g) 53.263 9.440 38.781 76.803 54.118 10.131 38.311 74.419
LS T-score 0.491 1.270 -1.408 3.400 0.367 1.420 -2.000 2.667
FN BMD (g/cm^) 1.001 0.152 0.796 1.310 1.042 0.142 0.730 1.317
FN BMC (g) 4.518" 0.797 3.192 6.218 5.078 0.842 3.422 6.575
FN T-score 0.200 1.270 -1.500 2.783 0.545 1.184 -2.050 2.842
TR BMD (g/cm^) 0.839 0.115 0.669 1.028 0.854 0.127 0.554 1.119
TRBMC (g) 9.739" 1.979 7.330 15.496 11.120 2.707 6.864 17.654
TR T-score 0.401 0.962 -1.017 1.975 0.530 1.056 -1.975 2.733
WT BMD (g/cm^) 0.905 0.175 0.660 1.271 0.925 0.177 0.553 1.262
WT BMC (g) 2.275 0.539 1.370 3.361 2.449 0.597 1.348 3.494
BUA (dB/MHz) 83 14 63 106 83 14 62 112
VOS (m/s) 1674" 43 1608 1784 1650 32 1584 1703
Children’ 2 2 4 2 1 5
Pregnancies’ 3" 2 6 2 1 6
PAL-score 1.8 0.3 1.2 2.3 1.7 0.2 1.4 2.4
p<0.05; p<0.01 ; p<0.001 (t-test). Median (Mann-Whitney test)
BMC, bone mineral content; BMD, bone mineral density; TB, total body; LS, lumbar spine; FN, 
femoral neck; TR, trochanter region; WT, Ward's triangle; BUA, broadband ultrasound attenuation; 
VOS, velocity of sound; PAL, physical activity level.
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Table 12  Descriptive data on gymnasts’ mothers and controls’ mothers
G-mothers
(%)
C-mothers
(%)
Menopausal state
Pre-menopausal 77 70
Peri-menopausal 9 8
<5 years post-menopausal 9 4
>5 years post-menopausal 5 4
On HRT - 15
Hysterectomy 5 4
Smoking habit
Never 67 42
Past 19 42
1-6 cigarettes / day - 4
7-14 cigarettes / day 10 8
>14 cigarettes / day 5 4
Alcohol use
None 5 25
1-6 units/week 63 33
7-14 units / week 26 38
>14 units/week 5 4
Other
Any fractures 37 12
Currently on any medication 19 39
Currently using diet supplements 29 54
Have breastfed 91 89
HRT, hormone replacement therapy
7.3.3 Dietary intake
Intakes of energy and macronutrients were similar between the two groups (Table 
7.3). EIiBMR of 1.3 for both groups indicated that some under-reporting occurred. 
Most micronutrient intakes were also similar between the groups, although the G- 
mothers had significantly lower intakes of fibre (p<0.01), magnesium, potassium and 
manganese (p<0.05). Several mean nutrient intakes, such as iron, magnesium, 
potassium and selenium were below the RNI in both groups. Intakes o f some 
nutrients, such as calcium and folate were below the RNI only in G-mothers. Intakes 
of sodium and phosphorus were >60% and >90% (respectively) above the RNI in 
both groups.
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Table 7.3 Dietary intake in the mothers
G-mothers (n 17)
Mean SD % energy Mean
C-mothers (n 24)
SD % energy
EAR/
RNI
Energy (kJ) 7076 1316 7562 1913 8100
Energy (kcal) 1681 314 1796 457 1940
EEBMR 1.3 0.2 1.3 0.3 -
Protein (g) 68 15 16 67 12 16 45
Fat (g) 68 16 36 70 24 34 33%
CHO (g) 202 41 48 224 65 50 47%
Alcohol (g) 6 7 2.5 9 11 3.5 -
Sugar (g) 76 24 94 36 -
NMES (g) 51 20 12 61 29 13 10%
Starch (g) 109 20 117 34 -
Fibre (g) 10.7’’ 2.8 14.6 5.1 18
Vitamin C (mg) 65.2 33.7 86.6 50.9 40
Vitamin D (pg) 2.4 1.2 2.5 2.0 -
Vitamin E (mg) 4.9 2.0 6.0 2.4 -
Vitamin A (pg) 926 857 790 371 600
Thiamin (mg) 1.3 0.3 1.4 0.3 0.8
Riboflavin (mg) 1.4 0.5 1.6 0.5 1.1
Niacin (mg) 31.0 8.0 31.3 7.8 13
Vitamin Be (mg) 1.7 0.5 1.9 0.6 1.2
Vitamin B^  (pg) 3.8 1.6 4.0 1.8 1.5
Folate (pg) 194 69 232 76 200
Calcium (mg) 685 239 808 218 700
Phosphorus (mg) 1056 241 1173 264 550
Magnesium (mg) 216" 53 265 70 270
Sodium (mg) 2627 1652 2663 682 1600
Potassium (mg) 2462" 508 2894 648 3500
Iron (mg) 9.6 3.3 11.3 4.1 14.8
Zinc (mg) 7.4 1.9 7.8 1.8 7
Copper (mg) 0.8 0.2 1.0 0.3 1.2
Selenium (pg) 52 23 54 22 60
Manganese (mg) 2.6" 0.8 3.3 1.3
" p<0.05; " p<0.01; " p<0.001 (t-test).
RNI, Reference Nutrient Intake; EAR, Estimated Average Requirement; EEBMR, energy intakeibasal 
metabolic ratio; NMES, non-milk extrinsic sugars (extrinsic sugars (for example sugars in honey and 
table sugar) excluding lactose in milk and milk products).
Note: dietary supplements not included in the data.
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7.3.4 Mother-daughter comparison
Table 7.4 shows the daughters’ anthropometry and bone health indices as percentage 
of their mothers’ values. The youngest girls had reached approximately 80% and 
45% of their mothers’ height and weight (respectively). For the oldest girls the 
figures were nearly 100% for height and 85% for weight. No difference was found 
between the gymnasts and controls in the level o f height and weight. For the bone 
indices, gymnasts had generally accumulated more of their mothers’ bone mass 
values than controls, but these did not reach the level of significance at most age- 
categories. Figure 7.2 demonstrates these percentages for all the measured bone 
indices at the age of PHV (gymnasts mean age 12.9 ± 0.8 years, controls 12.0 ± 0.6 
years). At LS, gymnasts were most consistently closer to the bone mass o f their 
mothers (p<0.05), especially at and before PHV.
Relationships o f TB and LS Z-scores in mother-daughter pairs are shown in Figure 
7.3. The correlations were positive when all mother-daughter pairs were included 
(TB r=0.33, p<0.05; LS r=0.24, p<0.05). Results for the groups separately detected a 
significant relationship in the mother-gymnast pairs at TB (r=0.52, p<0.05), but the 
correlations did not reach the level of significance in the other variables (TB r=0.16, 
p=0.60 in controls; LS r=0.50, p<0.06 in gymnasts, r=0.41, p<0.15 in controls).
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Table 7.4 Daughters’ anthropometry and bone health indices as % of their mothers’ 
values
-3
Biological age-categories (years from PHV) 
- 2 - 1  0 1 2
n GYM 8 9 4 7 8 5 1
CON 6 10 12 15 12 9 5
HT (%) GYM 81 84 89 90 94 96 -
CON 82 85 88 92 97 99 101
WT (%) GYM 43 50 55 67 77 84 -
CON 47 54 57 63 72 83 83
BUA (%) GYM 48 60 58 94* 97 114* -
CON 62 54 57 59 71 79 87
VOS (%) GYM 101 102 102 105* 105* 105 _
CON 102 101 102 101 102 102 103
TB BMD GYM 75 78 80 87* 91 98 _
(%) CON 73 76 77 78 86 91 96
TB BMC GYM 44 50 57 66 76 90 _
(%) CON 40 46 50 56 70 79 88
LS BMD GYM 67 70* 71* 80* 87 97 -
(%) CON 58 59 62 66 80 85 93
LS BMC GYM 37 42* 45 58 70 85 -
(%) CON 31 34 38 45 64 75 86
LS BMAD GYM 91 91* 89* 94* 98 105* _
(%) CON 81 77 79 80 89 91 97
* p<0.05 (t-test)
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Figure 7.2 Daughters’ body size and bone health indices at PHV as % o f their 
mothers’ values
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Figure 7.3 Relationship of (A) TB and (B) LS BMD Z-scores in mothers and 
daughters
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7.4 Discussion
This Chapter examined the mothers of the two groups of girls, gymnasts and 
controls. The purpose of this study was to investigate whether the differences in 
somatic and skeletal health found between the girls could be explained by familial 
influence associated with the mothers. Since genetics is considered a major 
determinant of PBM, it has been suggested that athletes with higher bone mass may 
be genetically disposed to having high BMD, or their bones may respond more 
positively to exercise than non-athletes (Khan et al. 2000). The gymnasts and their 
mothers had significantly smaller body size than controls and their mothers, whereas 
the difference seen in bone mass between the gymnast and controls was not seen in 
the mother-groups. The results presented in this Chapter would lend support to the 
suggestion that skeletal benefits found in gymnasts result from osteogenic stimulus in 
regular weight-bearing training, rather than merely from hereditary effect.
The mothers’ background information, such as physical health, dietary or lifestyle 
habits, did not reveal marked differences. Apart from gymnasts’ mothers’ being 
shorter and lighter, anthropometry was similar between the mother-groups. Skeletal 
indices indicated no difference in skeletal health, especially as lower BMC and 
greater VOS in gymnasts’ mothers were explained by the differences in body size. 
Although simple comparison of mother-groups is a rather crude method of 
examining familial influence, these findings suggest that heredity or growth 
environment did not simply explain the differences in the girls’ skeletal health. 
Examining just the mothers is however speculative, as fathers’ influence was not 
considered. Although it has been suggested that 18-37% of bone traits are directly 
determined by maternal descent, the heritable component of size and shape and other 
body characteristics is a function of equal contributions from both parents (Ferrari et 
al. 1998b).
The results demonstrated how at pre-puberty (approximately 9-10 years of age), the 
girls had achieved around 40% and 60-70% of the BMC and BMD (respectively) 
found in their mothers at various sites. Through the years of growth, these values 
reached up to 80-90% for BMC and 90-100% for BMD at post-pubertal stage.
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Similarly to another study on pre-pubertal girls and their mothers, our pre-pubertal 
girls had achieved around one third o f their mothers BMC, but nearly 100% of 
mothers BMAD. Thus, bone mineral accrual during growth is mainly caused by bone 
size, without major changes of the amount of ‘bone in bone’ (Ferrari et al. 1998b). 
Matkovic et al. reported that by 14 years of age post-menarcheal girls had reached 
95% of the bone mass at LS observed in their pre-menopausal mothers (Matkovic et 
al. 1990). By age 14 our gymnasts and controls had reached 87% and 85% of LS 
BMD measured in their mothers, respectively. At total body level, no major 
differences were found between gymnasts and controls, whereas gymnasts were 
closer to their mothers LS bone mass values than controls, especially at early 
puberty. The results suggest that in relation to the mothers PBM, the gymnasts are 
overall ahead of controls in skeletal development. This again supports the suggestion 
that advanced bone health in gymnasts is likely to be the result o f impact-loading 
exercise rather than purely a familial feature.
Previously reported strong familial resemblance in bone density and in body size 
between mothers and their adult-age as well as peri-pubertal daughters (McKay et al. 
1994, Ferrari et al. 1998b, Danielson et al. 1999, Jones and Nguyen 2000) was also 
seen in these results. Our correlations in TB and LS BMD Z-scores (r=0.33 and 0.24, 
respectively) were similar to another study (r=0.22 and 0.30, respectively) 
investigating pre-pubertal girls and their mothers (Ferrari et al. 1998b). These can be 
considered as fairly strong correlations, as mother-daughter correlations usually do 
not exceed 0.50, since mothers and daughters only have 50% of their genes in 
common (Baxter-Jones et al. 1994). Stronger relationship in the Z-seores in mother- 
gymnast pairs than in mother-control pairs was however an unexpected finding. This 
could reflect the larger variation of anthropometry aspects in the control group, and 
generally the small size of our mother-daughter groups. Also, Z-seores based on 
maturity status (not used in this study due lack of reference data) rather than 
chronological age improved correlation in one study (McKay et al. 1994). As the 
daughters in our study were at various stages of growth, it would not have been 
sensible to use the absolute anthropometry and bone health values in the mother- 
daughter comparison.
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7.5 Conclusion
In conclusion, familial resemblance in bone mass between mothers and their 
physically active and non-active daughters was found. Based on these results it is 
unlikely that the physically active daughters (i.e. gymnasts, results presented in 
Chapters 3-6) had a greater genetic potential for higher PBM than the non-active 
daughters. Apart from marked differences in body size, there were no great 
differences in the mothers’ bone health. It is therefore suggested, that both groups of 
girls had similar genetic potential for PBM, but the active girls have optimised their 
potential to a greater degree through involvement in weight-bearing training 
throughout pubertal years.
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Chapter VIII
Final discussion & 
Conclusions
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8 Final discussion
As part of the research it was questioned if adolescent gymnasts suffered from the 
phenomenon known as the ‘Female Athlete Triad’ (American College of Sports 
Medicine 1997). Our findings showed gymnasts to have similar rates of growth and 
maturation to controls (although occurring at a later age), apparently sufficient 
dietary intake, different bone metabolism to controls and higher than average bone 
mass throughout puberty. The findings presented in this thesis add to the knowledge 
on high-impact loading exercise and bone health research in young people, as well as 
benefit the sport o f gymnastics by suggesting that gymnastic training is associated 
with positive health benefits throughout puberty.
8.1 Methodology
Subjects
At the beginning of the study, 45 gymnasts and 52 controls were recruited. The 
withdrawal rate increased towards the end of the study (for gymnasts 13%, 38% and 
49% and for controls 6%, 35% and 37% after years one, two and three respectively) 
but was in line with some previous reports (Lehtonen-Veromaa et al. 2001, Laing et 
al. 2002). This study was originally ftmded and subjects recruited for 12-months and 
therefore, despite efforts to maximise subject participation, the attrition rate was 
highest after the first year of investigation. The main reasons for withdrawal 
including family relocation or discontinuation of training were expected but 
unavoidable, as is commonplace in studies involving young athletes. We found no 
significant difference in the baseline anthropometry or bone health measures between 
those who continued and those who withdrew from the study.
The gymnasts and controls were age-matched (rather than matched by maturational 
status), which is not an ideal method in a study on growing children and adolescents. 
It was however considered the best approach given the limited financial investment 
and resources available for the study. Also, the long follow-up, in addition to 
alignment of subjects by PHV in the analysis, removed the differences in maturation 
between the subject groups. Both groups were self-selected in that after approaching
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potential individuals, the decision to take part was made by the girl and/or parent. 
Therefore the sample was not truly population based.
The study on the mothers was conducted in conjunction with the girls’ two year 
measurements. The majority of the mothers, whose daughters were still participating 
in the main study at that stage, took part. It is therefore possible that the number of 
mothers recruited would have been higher if  the study had taken place in conjunction 
with the one-year follow up measurements. The funding was however only available 
at the later stage. There was no significant difference in basic anthropometry or bone 
health indices between the gymnasts / controls whose mothers did and did not 
participate in the study.
Methods
Measurement of standing and sitting heights were taken by one person (the author) in 
order to minimise the error. Precision (/CV) was however not tested for these 
variables. Also, measurement o f sitting height using a tape measure is not an ideal 
method due to the possibility of inaccurate positioning of subject and the tape.
DXA is considered a safe, accurate and precise method for assessment o f bone mass. 
The precision for DXA (CV 1.4% for LS, 2.1% for FN) was in line with previous 
reports (Dyson et al. 1997, Lehtonen-Veromaa et al. 2000a). The precision of QUS 
was lower than of DXA, although its low cost, portability and lack of ionising 
radiation makes it an attractive method for bone measurement, especially in such 
populations as used in these studies. The precision was similar, though slightly 
lower, (long-term CV using a phantom heel 5.9%, short-term precision in children 
1.2-5.4%) than reported in other reports (Jaworski et al. 1995, Daly et al. 1999, 
Lehtonen-Veromaa et al. 2000b).
Data analysis
The strength of this study was its longitudinal design allowing the combination of 
data collected over 3 years to perform ‘mixed cross-sectional longitudinal’ data 
analysis (not a true longitudinal study as all individuals did not go through the whole 
pubertal growth including PHV and peak bone accrual). Despite missing data (i.e.
213
when subjects missed measurements or withdrew before the completion of the 
study), it was possible to include all girls measurements in the analyses.
In the first set of results, data were analysed cross-sectionally (i.e. subjects were 
divided into two groups: pre-pubertal and peri/post-pubertal, and changes in bone 
mass and body size between measurement occasions were calculated). This proved to 
be problematic in the following ways: i) subjects proceeded through puberty at 
different rates and including fast and slow-maturers in the same pubertal groups 
caused considerable bias, ii) the peri/post-pubertal group included subjects from a 
wide range of maturation and therefore peak height and bone mass velocities could 
not be identified, iii) the full pattern of growth was not seen in the cross-sectional 
figures, iv) the method of staging pubertal development by secondary sexual 
characteristics was not ideal in a longitudinal study, where subjects were measured 
on an annual basis as change (self-assessment) from one stage to next can happen at 
any time during the 12 months between measurements. Therefore, ‘a mixed cross- 
sectional longitudinal’ analysis was performed. Age-categories centred on integer 
years were formed by, for example, combining all girls aged 10.50-11.49 years as 
aged 11, and described as age-category 11. This gave an accurate age-speeific mean 
for the variables being studied. Data from all the measurement occasions over three 
years were then analysed cross-sectionally by age-eategories and compared between 
gymnasts and controls. In addition to using age in categorising subjects, a maturity- 
age assessment was performed using individual height velocity data. Age of PHV is 
a commonly used indicator of maturity in longitudinal studies o f adolescence 
(Mirwald et al. 2002). Another useful maturational landmark in girls is age at 
menarche, but this was not used since a number of our subjects did not experience 
menarche during the study. Using ‘years from PHV’ instead of chronological age in 
categorising subjects, took into account maturity, a major determinant of bone 
development. Aligning gymnasts and controls by maturity provided the most 
accurate data on bone mass development. It would have been ideal to use true, rather 
than estimated PHV, but this information was not available on most subjects. As our 
study was the first on young athletes to analyse data in this manner, comparison of 
the findings with previous studies was difficult.
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8.2 Physical activity and bone mass
The main finding in this research was that bone mass of young female gymnasts was 
consistently significantly higher than that of controls throughout pubertal 
development. At all stages of maturation (pubertal stages 1-5), there was >170 g 
more bone mineral in the total body, after body size and maturation were taken into 
account. This is a novel finding which has recently been published in the Journal o f  
Bone and Mineral Research (Nurmi-Lawton JA, Baxter-Jones AD, Mirwald RL, 
Bishop JA, Taylor P, Cooper C, New SA. Evidence of sustained skeletal benefits 
from impact-loading exercise in young females: a 3-year longitudinal study) 
(Appendix 14). As our research was the first to quantify the differences in BMC 
between gymnasts and controls and it differed in design and duration from other 
investigations in the field, it has not always been possible to make direct 
comparisons with previous studies.
Optimal time fo r  hone response to exercise
The differences in bone mass at all measured sites already existed in our pre-pubertal 
groups. We therefore assume that the osteogenic stimulus from the exercise had 
resulted in increased bone mass during the early years of training at pre-puberty 
(Zanker et al. 2003). This is in contrast with the suggestion that early puberty, rather 
than pre-puberty, is the most opportune time to increase bone mass through exercise 
(MaeKelvie et al. 2002). This suggestion is however based on physical activities 
(such as school-based jumping or competitive tennis training) that may not provide 
as high a mechanical impact to the bone as gymnastics. Gymnastic manoeuvres 
induce ground reaction forces of up to 10-15 times body weight. In comparison, 
running and jumping only induce ground reaction forces 3-6 times body weight 
(Daly et al. 1999, Khan et al. 2001). It is therefore possible, that the lower impact 
load only results in marked bone effects after levels of hormones involved in growth 
and maturation (such as IGF-I, growth hormone, sex steroids) have substantially 
increased (pubertal stage 2 onwards). However, bone response from the higher 
impact load may occur without the concurrent effect of these hormones.
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O ur study did not find a h igher annual increase in  bone m ass (g/cm^/year) in 
gym nasts com pared to controls, w hich was a further notable discrepancy betw een 
our and some previous reports (Bass et al. 1998, L ehtonen-V erom aa et al. 2000a, 
L aing et al. 2002, N ickols-R ichardson et al. 1999). As our research w as based on a 
longer follow -up period, larger sample size and m ore rigorous attention to 
m aturational status, it can be suggested that findings m ay partly  be related to the 
exercise effect being m asked or confounded by norm al growth. D espite gym nasts 
classified as com petitive, the type and am ount o f  training is also likely to differ 
betw een studies com plicating their com parison.
Bone metabolism  markers
The findings on bone m etabolism  m arkers indicated that the level o f  physical activity 
undertaken by the gym nasts was reflected in  bone m odeling (and/or rem odeling). 
The gym nasts had low er bone resorption in  early puberty, and higher bone form ation 
in  late puberty. The results are in  contrast to previous studies w hich have either not 
show n differences in  bone m etabolism  betw een gym nasts and controls (D aly et al. 
1999, N ickols-R iehardson et al. 1999, Lehtonen-V erom aa et al. 2000a), or have 
found low er bone form ation in pre-pubertal gym nasts (Bass et al. 1998), or h igher 
bone resorption in  gym nasts throughout puberty (Jaffre et al. 2001). U nlike our 3- 
year follow -up study w ith  repeated collection o f  form ation and resorption m arkers (at 
baseline, 6m, 12m and 24m ) and careful adjustm ent for m aturational status, m ost o f  
these findings have been based on cross-sectional studies and subject groups from  a 
varying m aturational status. Low  bone resorption and high bone form ation at any 
stage o f  m aturation could result in  increased bone m odeling and partly  explain  the 
higher bone m ass found in our gym nasts. The full im plications o f  our findings are 
unclear, but this inform ation adds considerably to  the current know ledge on the 
m arkers in  physically  active and inactive children.
Fam ilial influence on growth and developm ent
W hen anthropom etry or skeletal health  attributes are com pared in groups from  very  
variable backgrounds (gym nasts vs. controls) the question o f  potential initial 
differences betw een groups arises. W e therefore studied the fam ilial com parison o f  
bone and other indices by including the m others in  the investigation. The results
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indicated that a sm aller body size, as w ell as later m aturation in  gym nasts had indeed 
a fam ilial influence, bu t the differences in bone m ass could not be explained purely  
by inherited traits. B oth the m others and fathers o f  gym nasts were significantly 
shorter than  the parents o f  controls. The differences in  body size already existed in 
the youngest girls, before the rapid grow th spurt at adolescence. This finding 
supports the idea o f  self-selection in  the sport due to genetically sm aller body size 
(Baxter-Jones et al. 1995), rather than stunted statural grow th due to training 
(Theintz et al. 1993). Since the m others o f  gym nasts and controls had equal bone 
m ass (after adjustm ent for body size), the skeletal differences in  the daughters were 
likely to result from  m odifiable, lifestyle determ inants o f  bone m ass. The 
involvem ent in  regular physical training w as the only m ajor lifestyle factor that 
seem ingly distinguished the groups, since no apparent differences w ere found in 
m edical history, diet or other lifestyle factors.
D ietary intake
D ietary sufficiency is o f  im portance and in terest for gym nasts due to  its overall 
influence on health  as w ell as perform ance. O ur results suggested that energy / 
nutrient intakes w ere not restricted, w hich was in  contrast w ith  som e (W eim ann et al. 
2000), but no t all previous reports (N ickols-R ichardson et al. 2000). It is likely that i f  
intakes are lim ited at adolescence, detrim ental consequences include the absence o f  a 
norm al adolescent grow th spurt and com prom ise o f  final height. Furtherm ore, 
m enstrual disturbances m ay lead to failure to reach PBM . This, how ever, did not 
seem  to be the case in  our group o f  gym nasts. Intakes o f  energy, protein  and calcium  
seem ed to be significantly greater in  gym nasts across the age range (calcium  only for 
9-11 year olds) after adjustm ent for body w eight. Y et again, the dietary analysis 
highlighted the im portance o f  rigorous adjustm ent betw een study groups. A djustm ent 
o f  dietary intakes for body size (intakes as g/kg/day or kJ/kg/day) rather than  sim ply 
com paring intakes as crude values (g/day or kJ/day) in dietary research in  young 
athletes should be considered in future studies.
Interestingly, protein and energy intakes w ere found to have im portant, independent 
roles in  bone m ass developm ent. N o effect w as detected for calcium , w hich is 
considered the m ost im portant nutrient for bone health. A  possible reason m ay be
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that calcium  intakes w ere sufficient to m eet requirem ents for grow th in both groups. 
As interaction studies on diet and physical activity have speculated, calcium  intake 
m ay play a perm issive role w hereas exercise has a m odifying effect on  bone 
m ineralisation. The dietary effects appeared to be m ore im portant for bone m ass in 
the sedentary controls than  in  gym nasts. This suggests that physical activity  is a m ore 
im portant factor than  nutritional factors in  affecting bone m ass, although both  are 
required for optim ising the genetic potential for PB M  developm ent (A nderson 2000, 
Baxter-Jones et al. 2003a). Overall, recom m endations for the diet o f  gym nasts should 
include consum ption o f  foods w ith  h igh nutrient density. G ym nasts, parents and 
coaching sta ff should be m ade aware o f  the extensive effects o f  diet on growth, 
developm ent and perform ance.
8.3 Areas for future research
It is im portant to gather know ledge on the effects o f  vigorous high-im pact training on 
the physical and skeletal health, including the long-term  effects on jo in ts  and 
m uscles, in  grow ing children and adolescents. Y oung people choosing a specific 
sport as a regular hobby need to be inform ed o f  benefits and/or detrim ents o f  the 
training, and there m ust be procedures in  place to  protect individuals from  potential 
harm ful side-effeets.
The current know ledge on gym nastic training and adolescent grow th is still 
controversial. A lthough our results indicated that the grow th rate at around the 
adolescent grow th spurt was apparently norm al, it is no t know n w hether gym nasts 
perhaps continue their statural grow th for longer in  order to reach their genetic 
potential for height. Furtherm ore, it has not yet been identified i f  reducing training 
volum e during the grow th spurt affects the grow th rate, and changes the grow th 
trajectory. Currently there are no studies follow ing gym nasts until full adult height 
has been reached.
The continuation o f  increasingly vigorous gym nastic training beyond adolescence 
into young adulthood m ay increase the possib ility  o f  m enstrual dysfunction and 
disordered eating behaviour, and hence negatively influence gym nasts’ long-term
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health. C ross-sectional studies have indicated h igh bone m ass in  adult gym nasts 
(R obinson et al. 1995), bu t these findings have not been show n in longitudinal 
investigations. The long-term  effects o f  the training on jo in ts  and m uscles and the 
rest o f  the locom otive system  are unclear.
O ver the years there has been plenty o f  research interest in  energy and protein, as 
w ell as m icronutrient requirem ents (or safe lim its) for adult athletes, bu t inform ation 
on young athletes is sparse. A thletes how ever tend to consum e dietary supplem ents 
freely and it is im portant to know  the safe upper and low er lim its for these nutrients. 
V itam in D levels in  adolescent athletes, especially those involved in  indoor sports 
throughout the year, have not been w idely investigated.
O ur research provides convincing evidence o f  the beneficial effects o f  exercise on 
bone m ass throughout puberty, but these data did no t cover the tim e until PB M  had 
been achieved. I f  training volum e increases and energy requirem ents increase, but 
dietary intake reduces, the achievem ent o f  PB M  m ay be com prom ised. Further long­
term  research is therefore suggested.
D ietary determ inants o f  bone m ass (o f  w hich the im portance o f  pro tein  intake 
received som e support in our study), and their interactions w ith  physical activity, is a 
recent and upcom ing research area. From  a public health  poin t o f  v iew  it is im portant 
to identify the nutrients and their optim al requirem ents, as w ell as the type and 
am ount o f  physical activity, to optim ally influence PB M  developm ent. In  addition to 
these m odifiable factors o f  bone m ass, the genes influencing PB M  developm ent 
require further study.
A lthough in  this study artistic gym nastics has been show n to benefit skeletal health  
in  young girls, it w ill undoubtedly rem ain  as a sport for the sm all num ber o f  talented 
individuals. M ore inform ation on feasible exercises for the w ider public is required. 
Research in  gym nasts how ever provides data on the effects o f  the u ltim ate high- 
im pact sport on  bone strength, upon w hich the further exercise studies can be based.
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8.4 Conclusions
The conclusions o f  this research were:
1. Young, fem ale artistic gym nasts w ere sm aller and lighter, but had sim ilar 
grow th rates across puberty and equal PH V , in  com parison to sedentary / 
norm ally-active controls. This is unlikely to be a training-effect, but an 
inherited trait w hich predisposes short, lean individuals in  self-selection into 
the sport o f  gym nastics.
2. Gym nasts w ere late m aturers, regarding sexual m aturation as w ell as the 
tim ing o f  PH V  and peak BM C velocity. M aturation process occurred 
chronologically later, bu t did not seem to be delayed, since the interval 
betw een m aturational events did not differ betw een groups. This w as, at least 
partly, due to fam ilial influence.
3. The dietary intake o f  energy, m acro and m icronutrients w ere sufficient in 
gym nasts. Energy and protein intakes (and calcium  intake in  9-11 year olds) 
were higher than in  sedentary girls, but only w hen intakes w ere adjusted for 
body weight.
4. Young, fem ale B ritish gym nasts in our study had  h igher than  average bone 
m ass (including bone quality and quantity m easures) across various body 
sites throughout puberty. These differences in  skeletal health  are likely to 
result from  osteogenic factors (exercise) rather than  other m odifiable /  non- 
m odifiable factors, such as m aturation, diet or heredity. The m ain  
determ inants o f  bone m ass w ere height, w eight, m aturation, exercise and 
dietary energy and protein intake.
5. The biochem ical m arkers o f  bone turnover show ed h igher bone form ation 
and low er bone resorption in  gym nasts at separate stages o f  m aturation.
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